Functional aspects of blur adaptation in human vision. A study of the mechanism of blur adaptation in human vision - its origin and scope evidenced using subjective and objective procedures. by Mankowska, Aleksandra M.
 University of Bradford eThesis 
This thesis is hosted in Bradford Scholars – The University of Bradford Open Access 
repository. Visit the repository for full metadata or to contact the repository team 
  
© University of Bradford. This work is licenced for reuse under a Creative Commons 
Licence. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
FUNCTIONAL ASPECTS OF BLUR 
ADAPTATION IN HUMAN VISION 
 
A study of the mechanism of blur adaptation in human 
vision – its origin and scope evidenced using subjective 
and objective procedures. 
Aleksandra Maria MANKOWSKA 
 
Submitted for the degree of  
Doctor of Philosophy 
 
Bradford School of Optometry and Vision  
 
 
UNIVERSITY OF BRADFORD 
 
2013 
i 
 
Aleksandra Maria MANKOWSKA 
FUNCTIONAL ASPECTS OF BLUR ADAPTATION IN HUMAN VISION 
Keywords: Blur adaptation, parafovea, visual acuity, electroretinogram, visual 
evoked potential, optical coherence tomography 
ABSTRACT 
Sensory adaptation to blur improves visual acuity under defocused 
conditions.  This phenomenon has been successfully demonstrated using 
subjective measures of acuity and is known as blur adaptation.  This study 
investigates aspects of the mechanism of blur adaptation in human vision 
using subjective and objective methods. 
 
Parafoveal visual acuity measured under defocused conditions demonstrates 
that blur adaptation is not limited to the fovea.  The presence of the adaptive 
mechanism in the parafovea also suggests that the neural compensation that 
takes places under defocused conditions acts across a spatial range and is 
not limited to specific frequency bands.  An evaluation of the contrast 
sensitivity function under defocus provides further evidence. 
 
Electrophysiological methods measure the effect of blur adaptation at the 
retina and at the visual cortex to provide objective evidence for the presence 
of the blur adaptation mechanism.  Finally enhanced-depth imaging optical 
coherence tomography examines whether a period of prolonged defocus 
triggers any short-term changes in choroidal thickness in a similar manner to 
that reported in animal emmetropisation. 
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Introduction 
 
The visual system is a multi-synaptic neuronal pathway that forms an integral 
part of the mammalian central nervous system. It receives and processes 
photons of light to extract vital information about the surrounding 
environment.  Parallel processing pathways ensure speed and efficiency of 
transmission.  The resolution of the eye is limited by both optical and neural 
factors, for example photoreceptor density, pupil diameter, refractive error 
and aberrations.  The eye is able to adapt to some of these limitations and 
thus improve image quality. 
 
One such mechanism is blur adaptation. Blur is a stimulus that provides vital 
information to drive physiological processes within the visual system, such as 
emmetropisation and accommodation, but the defocused signal is also 
utilised in visual processing.  The process of blur adaptation represents an 
opportunity to enhance the quality of that percept.  The outcome of this 
adaptation has been repeatedly demonstrated by a significant improvement 
in visual acuity. 
 
Using the evidence presented thus far as the foundation, the aim of this 
study is to investigate aspects of blur adaptation in human vision using 
subjective and objective methods.  The following work provides further detail 
of the scope of blur adaptation and objectively reviews some of the 
assumptions made about the locus of blur adaptation through 
psychophysical experiments:  
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i) The scope of blur adaptation across the retina.  Visual performance 
declines with increasing retinal eccentricity.  An increase in peripheral 
refractive error; a decrease of photoreceptor and retinal ganglion cells 
(RGC) density and an increasing ratio of photoreceptors to RGCs are 
considered as causative factors in this decline.  This study investigates 
how responsive the near periphery is to the imposition of spherical 
defocus and whether blur adaptation offered any improvement to visual 
performance. 
 
ii) The contrast sensitivity function with blur adaptation.  Several studies 
have considered how sustained defocus influences the visual system’s 
sensitivity to contrast across the visible spatial frequency range and 
presented differing conclusions.  It is therefore appropriate to reconsider 
whether the visual system becomes more sensitive to specific spatial 
frequencies under prolonged defocus or whether it retains sensitivity to a 
wider spatial range. 
 
iii) The time course and onset of blur adaptation.  Current work examines 
the effects of blur adaptation at the end of an extended adapting period 
(up to 3 hours).  Some authors suggest that adaptation takes effect 
within minutes.  Using visual acuity and electrophysiological methods 
(see below), the blur adaptation period is examined to understand how 
the adaptive effect evolves from the moment at which spherical defocus 
is imposed and its impact on visual function upon removal of the 
defocus. 
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iv) Objective evidence for blur adaptation.  To date, all studies have 
presented subjective evidence of the effect of blur adaptation on visual 
acuity.  Whilst this evidence is robust and consistent, there has been little 
objective evidence to support the assertion by Mon-Williams et al (1998) 
that blur adaptation occurs at the cortical level.  Using 
electrophysiological methods, two studies examine the responses to blur 
and blur adaptation at the cortical and retinal levels.  The responses are 
measured in terms of both amplitude and latency of the signal 
components.   
 
Pattern-reversal visual-evoked potential (PR-VEP) is used to measure 
the strength of signal at the primary visual cortex.  PR-VEP is considered 
to be a reliable objective measure of visual performance.  A second 
study examines the response at retinal level.  Pattern electroretinograms 
(PERG) have confirmed that some contrast adaptation is active at the 
retina.  It is therefore valid to use PERG to demonstrate whether there is 
any retinal contribution to blur adaptation.  In combination these two 
studies aim to clarify whether or not blur adaptation mechanisms are 
active across the multiple locations of the early visual pathway. 
 
PR-VEP is also used to describe the process of onset of blur adaptation 
and its after-effect once defocus is removed (see point iii).  Finally 
enhanced-depth-imaging optical coherence tomography is used to 
identify any short-term change in structure at the choroid resulting from  
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the imposition of defocus to compare these findings with those from 
animal emmetropisation and human myopia studies. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
5 
 
CHAPTER 1 
Review of the Role of Defocus and the Perception of and Adaptation to 
Blur in Human Vision 
1.1 The Role of Defocus in Human Vision 
Blur is a stimulus that is required to drive the development and growth of the 
eye to a mature state.  Its role within the emmetropisation process and in the 
development of refractive error has been widely studied.  The visual system 
is able to tolerate a certain amount of blur without negative consequence, 
known as the depth-of-focus.  The range of tolerance may be affected by 
several factors.  The role of defocus within the visual system will be 
discussed in this section. 
1.1.1 Eye Growth and Development 
At birth the human eye invariably has a significant degree of refractive error, 
which is usually hyperopic in nature (Smith, 1998).  During the period of early 
maturation, the eye will grow so that the focal point of its optical components 
is matched by the axial length to allow the image to be focussed on the retina 
(Diether and Wildsoet, 2005).  This process of emmetropisation occurs 
rapidly within the first year of life; consequently the refractive error is reduced 
substantially.  A longitudinal evaluation – the Berkeley Infant Biometry Study 
(BIBS) (Mutti, 2007) – demonstrated that between the ages of 3 – 9 months 
there was a significant decrease both in the level of hyperopia and variability 
of refractive error.  This was evidenced by measurements of axial length   
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(average increase of 1.20 ± 0.51mm) and crystalline lens power (average 
decrease of 3.62 ± 2.13 dioptres (D)).  By 18 months of age, the majority of 
refractive errors ranged between 0 and 3.00 D.  Eye growth continued after 
this period, but at a slower pace until the age of 6 years. 
 
It is assumed that homeostatic processes control changes in the size of the 
eye, as in other organs of the body, but uniquely, visual cues are also 
thought to be involved and may possibly have a stronger input than other 
regulatory mechanisms (Wallman and Winawer, 2004, Nickla and Wallman, 
2010).  Many studies have looked at various properties of an image to 
understand what may influence the control of eye growth – such as contrast 
and colour luminance (Hess et al., 2006).  Studies of the developing eye in 
young animals indicate that the ultimate goal of emmetropisation is to 
maximise the clarity of the retinal image (Smith, 1998, Wallman and 
Winawer, 2004, Zhu et al., 2005).  The growth signals are thought to be local 
and incorporate feedback on the quality of the retinal image (Wallman and 
Winawer, 2004).  The sign of the defocus is considered to be an important 
factor in determining the direction of growth (Zhu et al., 2005, Diether and 
Wildsoet, 2005) and emmetropisation in animals living in their natural 
environments leaves little or no refractive error (Smith and Hung, 1999).  The 
feedback process is common across species: primates, birds, rodents and 
fish as well as humans (Zhu et al., 2005), and therefore should be relatively 
basic.  However it remains unclear how the process operates:  is it one of 
trial-and-error or is the visual system able to decode the type of defocus  
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presented to it (Zhu et al., 2005).   
 
Conditions of myopic defocus bring the image to focus in front of the retina; 
in hyperopic defocus the image is behind the retina.  In order to correct 
myopic defocus, the eye must have a mechanism to effectively decrease 
axial length so that the retina lines up with the plane of the image, or 
elongate it in order to clear hyperopic defocus.   
 
Zhu and co-workers (2005) tested the theory of emmetropisation by trial-and-
error in chick eyes with periods of either positive or negative lens wear.  They 
found that the initial response was appropriate to the type of defocus 
imposed, but this was only temporary.  For a trial-and-error mechanism to 
work there needs to be a certain amount of “memory” of correct response to 
the type of defocus and the response required must be greater than the 
depth of focus.  Neither of these conditions were met.  Furthermore the chick 
eye showed a response bias for myopic not hyperopic defocus.  This 
suggests that eye growth is indeed guided not just by the presence of 
defocus, but also by whether it is myopic or hyperopic, with even short 
periods of myopic defocus having a more immediate and profound effect.   
 
Zhu, Winawer and Wallman (2003) suggested that the profound effect of 
positive lenses on the chick eye could potentially be used to counteract the 
effects of myopia.  Negative-lens-induced myopia development in chicks 
could be slowed down or reversed if the negative-lens wear (-6 D lens) was  
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interrupted by brief periods of positive-lens wear (+6 D lens worn 4 times a 
day for 15-minute periods).  The effect was demonstrated by a reduction in 
vitreous chamber depth brought about by a reduction in ocular elongation 
and an increase in choroidal thickness.  The potency of myopic defocus 
seems to transfer across species.  The response to myopic defocus was also 
found to be greater in monkeys (Smith, 1998) and in humans, particularly 
myopes, who show a greater loss of visual acuity (VA) with myopic defocus 
compared to hyperopic defocus (Radhakrishnan et al., 2004). 
 
There is much interest in studying the effects of defocus in monkeys to elicit 
conclusions about emmetropisation and the development of refractive error 
in humans.  Smith (1998) conducted a study on a group of infant rhesus 
monkeys and found that in the developing stage, normal emmetropisation 
was still achievable after a period of lens-induced hyperopic defocus and 
form-deprivation myopic defocus.   The defocus was imposed on one eye 
only to demonstrate the subsequent refractive error.  The induced 
anisometropia was measurable by a difference in axial length between the 
two eyes.  On removal of the defocus, the axial length growth rate altered to 
allow equal vision to be restored between the two eyes and on recovery both 
eyes grew at a similar rate.    Furthermore a limited operating range for 
emmetropisation was found: the eye was able to respond accordingly to 
defocus levels between 2 D of myopia to 8 D of hyperopia.  But beyond that 
range, the response did not fully compensate for the refractive error induced, 
or no response was observed.  Smith concluded that the process of human  
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emmetropisation would also be regulated by visual feedback, responding in 
particular to defocus.   
 
Animal models have given much insight into the role of defocus in human 
emmetropisation.  However visual cues are complex: the visual environment 
incorporates areas of both negative and positive defocus of different 
magnitudes and with varying degrees of spatial and temporal detail (Tse et 
al., 2007).  In everyday life where defocus is both positive and negative, one 
is not thought to outweigh the other, but the process by which these 
opposing poles of defocus are decoded and translated into an 
emmetropising signal remains unexplained (Tse et al., 2007). 
 
More recently, a number of authors have once again begun to investigate the 
notion that the development of peripheral defocus during emmetropisation 
may act as a potential indicator of ametropia, initially propounded by 
Hoogerheide (Charman and Radhakrishnan, 2010).  The retinal periphery 
demonstrates sensitivity to defocus and the capability to selectively 
compensate for its effects.  This is a prominent feature of avian visual 
development: form deprivation or lens-induced defocus applied to a portion 
of the visual field instigates a localised response  (Wallman and Winawer, 
2004).  Smith and colleagues (2005) demonstrated that peripheral form 
deprivation in infant monkeys could induce axial myopia even when clear 
foveal vision was maintained.  In another experiment in the same study, 
ablation of the fovea leaving the periphery intact, still resulted in emmetropia.   
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These findings reinforce the notion that local defocus mediates ocular growth 
and suggest that both central and peripheral signals play a part in 
emmetropisation.   
 
It would however, be difficult to concede that peripheral defocus exerts that 
same level of influence as axial defocus given that, in a mature eye, a clear 
image is not perceived by the entire retina.  The main considerations in this 
area are the development of peripheral refractive error and ocular shape.   
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Figure 1.1: Effect of ametropia on peripheral refraction (Millodot, 1981)  
(Solid lines represent the cylindrical component / dashed lines represent the spherical 
component) 
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Peripheral refractive status changes with eccentricity in the human eye 
(Millodot, 1981, Mutti et al., 2007, Davies and Mallen, 2009).  Refractive error 
changes as a result of an increase in astigmatism with eccentricity (figure 
1.1) (Atchison et al., 2006a).  The amount of astigmatism may vary, but in 
general terms, myopic eyes become relatively hyperopic in the periphery and 
hyperopic eyes become relatively myopic.   Whilst foveal refractive error can 
serve as a reliable predictor of the development of myopia, the same does 
not necessarily apply to peripheral refractive error (Mutti et al., 2011). 
 
However the rate of change of peripheral hyperopia in myopia progression 
suggests that blur may be perceived differentially by the fovea and the 
periphery: in a study of 605 children, Mutti and co-workers (2007)  observed 
that maximum axial elongation occurred prior to myopia onset, whereas 
maximal peripheral refractive error continued to change up to four years after 
the onset of myopia at a rate of +0.67 D per year.  The introduction of 
refractive correction did not influence the development of peripheral 
refractive error.  If the aim of refractive correction were to address central 
myopia, it would seem possible that the periphery remains hyperopically 
defocused and therefore continues to produce signals for ocular growth 
(Wallman and Winawer, 2004).   
 
There is also discussion about the shape of the eye as a predisposing factor 
for the final status of emmetropisation.  Magnetic Resonance Imaging (MRI)  
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has facilitated more detailed investigation of ocular dimension (Atchison et 
al., 2004, Singh et al., 2006).  Atchinson and others (2004) produced a linear 
assessment of the axial length, horizontal width and height of emmetropic 
and myopic eyes.  They confirmed that myopic eyes were larger in all three 
dimensions than emmetropic eyes.  The difference was greatest in terms of 
axial length (0.35mm / D).  They concluded that axial length variation was 
proportionate to varying degrees of refractive error.  This assessment would 
also fit well with the model of the prolate-shaped myopic eye.  However, in a 
second study of internal retinal shape, Atchison et al (2005) found that only a 
small percentage of the myopic eyes evaluated were truly prolate and these 
eyes possessed a range of refractive errors from -1.00 D to -7.50 D.  In the 
population of eyes sampled in this study the remainder could be described 
as oblate.  The difference between refractive groups was a steepening of 
retinal curvature in myopic eyes, making them simply less oblate than 
emmetropic eyes.  As in the previous study, the evaluation of retinal shape 
also demonstrated that axial length changed more quickly than height or 
width in myopes compared to emmetropes.  This study suggested that 
peripheral refraction may not simply be a factor of ocular shape, but a 
function of other features, such as axial length or corneal profile.   
 
Singh and co-workers (2006) generated a three-dimensional representation 
of a set of hyperopic, emmetropic and myopic eyes that had been scanned 
by MRI and concluded that ocular shape is subject to large inter-individual  
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variability.  They too found that the level of sphericity could differ within a 
refractive group, but also demonstrated that there may not be a clear 
correlation between axial length and refractive error: two myopic subjects 
with a -7.00 D refractive error have very different axial lengths, 25 mm and 
28 mm, and one subject with Marfan syndrome, who was highly myopic did 
not have an excessively long eye.   
  
Using partial coherence interferometry, Ehsaei and co-workers (2013) 
recently affirmed that the peripheral retinal curvature was steeper in myopes 
than in emmetropes and that there was asymmetry between meridians: both 
the nasal and superior meridians exhibited greater relative myopia than the 
temporal and inferior meridians respectively.  Ehsaei et al (2013) also found 
that the correlation between measures of ocular length and mean refraction 
became less inter-dependent with increasing eccentricity. 
 
The published evidence presents a complex array of factors and variables 
with the potential to influence eye growth.   It would seem that central focus 
is a dominant feature in human emmetropisation, but Smith et al’s findings 
(2005) suggest that the involvement of peripheral defocus cannot be 
overlooked.  Moreover, the reported variability in ocular shape and weak 
correlation between peripheral refractive error and eye shape would indicate 
that these factors are not necessarily causative in refractive error 
development, but perhaps associated factors, still leaving open the question 
of how does emmetropisation utilise defocus.  
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1.1.2 Depth of Focus 
The depth of focus (DoF) of an optical system is defined as the maximum 
range of dioptric focusing error which does not adversely affect the quality of 
the image (Atchison et al., 1997).  DoF in image space is conjugate with 
depth of field (dof) in object space (figure 1.2) (Rabbetts, 2007).  The size of 
a system’s DoF is usually quantified by the threshold at which blur is first 
detected and will also represent its sensitivity to blur.  
 
 
 
 
 
 
 
If the eye were a perfect optical system, the DoF could be represented as a 
blur circle of a given diameter related to a range over which slight defocusing 
is tolerated.  The diameter of the blur circle would vary as a function of pupil 
diameter and refractive error (Tucker and Charman, 1975).  Figure 1.3 
shows that the blur circle diameter (b) can be determined using similar 
triangles: 
ܾ
ܽ ൌ 
݇ᇱ െ ݂݁Ԣ
݂݁Ԣ  
 
    
  
Equation 1.1 
Figure 1.2: Relationship between depth of focus and depth of field 
depth of field 
(dof) Depth-of-
Focus (DoF) 
15 
 
 
 
 
 
 
 
 
A DoF variable has also been added to models of accommodation to 
highlight that its proximal and distal values represent the threshold of 
sensitivity to blur.  Ciuffreda, Wang and Vasudevan (2007) cite “deadspace 
operator” as an alternative name that may be found in such models. 
 
Campbell (1957) completed a comprehensive study of the DoF of the human 
eye and concluded that an absolute value could not be demonstrated 
experimentally, as its range was dependent on a number factors that 
affected the target and the eye as an optical system.  Campbell measured 
DoF under a range of conditions by asking his subjects to align a series of 
black discs on separate glass screens until they were of equal clarity.  DoF 
was the dioptric measure of the separation of the plates.  The key point of 
Campbell’s study was that DoF measures obtained experimentally differed 
from those obtained by calculation.  For example, at a pupil diameter of 3 
mm DoF was ± 0.3 D which is two to three times greater than the value 
calculated for an aberration-free, diffraction-limited optical system with the  
same pupil diameter (figure 1.4). 
  
Figure 1.3: Formation of the blur circle in an ametropic eye 
a b 
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The relationship between DoF and pupil diameter is inversely proportional: 
an eye with a small pupil has a larger DoF and vice versa.  But the 
relationship is not linear and does not follow predicted calculations – with 
larger pupil diameters, DoF is also influenced by the Stiles-Crawford effect. 
Furthermore, Campbell also demonstrated that chromatic aberration has a 
deleterious effect on the eye’s ability to detect blur.  Physical factors that 
affected DoF were target contrast, background luminance and wavelength of  
 
light.  Campbell’s study highlights the importance of understanding which 
experimental elements are controllable in the study of blur sensitivity and 
that, as an optical system, the eye is not perfect. 
 
Atchison et al (1997) argued that Campbell’s estimates of DoF may have 
been over-estimated because accommodation was not paralysed, allowing 
subjects to change fixation to look at different plates thus possibly altering 
accommodation.  Their study examined the effects of letter size as well as  
  
Figure 1.4: Relationship between pupil diameter and depth of focus 
(based on data from Campbell (1957)) 
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upil diameter with accommodation paralysed.  They found that target size 
was also a variable for the magnitude of DoF.  Furthermore a subject may 
change criteria for judging defocus, depending on the size of target.  Looking 
at letters close to acuity level the blur judgement was probably based on the 
overall spatial form of the image, whereas for larger letters, the subject is 
able to study other detail such as edge sharpness.  Thus, evaluation of DoF 
and thereby detection of blur is also very subjective.  Tucker and Charman 
(1975) suggested that using Snellen letters to make such evaluations may 
add a degree of complexity that does not exist when using simpler targets, 
such as gratings or checkerboards.  More recently the influence of the Stiles-
Crawford effect on DoF has also been challenged as analyses using 
wavefront aberrometry have shown the DoF is not significantly altered by this 
effect (Marcos et al., 1999). 
 
DoF is routinely exploited by clinicians in subjective refraction.  A common 
aim of refraction is to “maximise the plus” leaving the eye slightly myopic 
(Thibos et al., 2004, Ciuffreda and Vasudevan, 2010).  Thus the eye is 
optimally focused at its hyperfocal distance, which sets the distal point of the 
DoF conjugate with optical infinity  (Wang and Ciuffreda, 2006).  The 
hyperfocal distance is usually equal to half of DoF.  Consequently the slight 
undercorrection will minimise unnecessary accommodation by maximising 
the eye’s range of clear focus (Thibos et al., 2004).  However studies of 
nearwork induced transient myopia (NITM) suggest that the additional 
defocus experienced as a result of NITM, may render the eye more  
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susceptible to the development of myopia (Ciuffreda and Vasudevan, 2010) 
 
The number of experiments estimating DoF in the retinal periphery is limited.  
Wang and Ciuffreda (2004) measured DoF in the near periphery – at 
eccentricities up to 8˚.  Their subjects assessed the clarity of the edge of a 
high contrast circular aperture and it was found that DoF increased from 0.89 
D ± 0.12 D foveally to 3.51 D ± 0.35 D at 8˚ of eccentricity.  DoF increased at 
a rate of 0.29 D with each degree of eccentricity.  Ronchi and Molesini 
(1975) carried out a study of DoF in the far periphery: between 7˚ and 60˚ of 
eccentricity.  Their method was to establish the luminance threshold of a spot 
of light at a number of eccentricities within the chosen range from which they 
established that DoF ranged from 5 to 12 D.  They attributed much of the 
increase in DoF with eccentricity to the increase in off-axis aberrations over 
the same area.  DoF was reduced for longer wavelengths (measured here at 
632 nm) – which is consistent with Campbell’s study (1957) at foveal fixation. 
 
Wang and Ciuffreda (2004) suggest that in the parafovea the influence of 
aberrations and  off-axis astigmatism is minimal on DoF increase.  Of more 
relevance is the theory of sharpness overconstancy which states that an 
edge appearing blurry when viewed directly, i.e. foveally, would appear clear 
and sharp when observed non-foveally (Galvin et al., 1997).  This is due to a 
compensation process: the brain interprets edges as occlusion borders and 
therefore considers them sharp.  Thus if an edge viewed peripherally creates 
a blurry percept, it is combined with previously-held information that restores  
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a sharpened image.  Wang and Ciuffreda (2004) suggest that higher levels 
of defocus may be required to judge the degree of blur perception detectable 
in the retinal periphery.   
 
Both studies propose that the change in retinal topography with eccentricity 
may also contribute to the increase in DoF.  Wang and Ciuffreda (2004) 
suggest that as the density of RGCs declines,  DoF increases.  However the 
relationship does not appear to be linear, therefore the influence of retinal 
structure on DoF may be limited.  Ronchi and Molesini (1975) propose that 
different types of RGCs are used to process varying levels of blur in the 
periphery, but off-axis astigmatism could counteract peripheral DoF thereby 
reducing the visual system’s insensitivity to peripheral blur.  
1.2 Blur: From Inception to Perception 
Visual performance is constrained by both neural and optical factors.  A 
certain amount of defocus is therefore inherent within the retinal image.  
There are also numerous external sources of defocus.  Practitioners rely on 
a patient’s ability to perceive blur in a clear target or to judge the clarity of a 
blurred target in a range of clinical tests: to determine refraction (binocular 
refraction, binocular balancing); or measure amplitude of accommodation.  
Many people must learn to tolerate defocus on a daily basis due to 
pathological or iatrogenic causes.  The following section will discuss the 
sources of inherent optical defocus, compensatory mechanisms and how 
blur may be perceived.   
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1.2.1 Optical and Neural Considerations of Visual Resolution 
The resolving capabilities of the human eye are a subject of interest to visual 
neuroscientists and physicists alike.  Both neural and optical factors have 
been widely studied to determine the limits of visual resolution and more 
recent investigations have explored how manipulation of aberrations may 
improve visual performance.  Theoretical calculations of the eye’s resolution 
show good agreement, for example: using Rayleigh’s criterion, an eye with 
4mm pupil could recognise detail up to 35 arc seconds (Rabbetts, 2007); 
whilst Hartridge’s cone separation criterion gives the minimum angle of 
resolution as 37 arc seconds (Tunnacliffe, 2004).   
1.2.1.1  Eye Growth and Refractive Error 
As an optical system the eye is designed to minimise the deleterious effects 
of defocus and to maximise the amount of spatial information delivered to the 
retina.  The eye’s optical components strive to compensate for the inherent 
retinal defocus.  Probably the most active mechanism is that of 
emmetropisation by which the state of focus of the retinal image feeds into a 
system responsible for controlling ocular growth (Charman and 
Radhakrishnan, 2010).  Lens-induced defocus demonstrates how this 
process may be interrupted and causes ametropia.  In animal experiments 
the eye has demonstrated appropriate axial compensation resulting in either 
hyperopic or myopic error (Smith, 1998, Zhu et al., 2005).  Spectacle or 
contact lens correction to reduce or remove the inevitable defocus, may at 
first seem unproblematic.  However refractive correction of both hyperopic  
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and myopic error stimulates much debate. 
 
Mutti (2007) explored the polemic surrounding prescribing practices for 
young hyperopes who were not exhibiting symptoms of amblyopia or 
strabismus.  Opinion is divided about the benefit of spectacle correction in 
the absence of symptoms: does a lack of correction compromise distance 
visual acuity or would the correction interfere with emmetropisation?  Smith 
(1998) makes clear that the majority of young hyperopes begin to wear 
refractive correction after the main period of emmetropisation is complete, 
but instead there may be other reasons to explain the presence of hyperopic 
refractive error.  Mutti (2007) also points out that improved visual 
performance should be the main motivation for prescribing hyperopic 
refractive correction, but this is frequently overlooked. 
 
The evidence from animal studies showing that myopic defocus is more 
potent than hyperopic defocus suggests that myopes should not be 
prescribed full refractive correction in an attempt to halt or slow down myopic 
progression (Zhu et al., 2003, Smith and Hung, 1999).  However Chung, 
Mohidin and O’Leary (2002) and separately Adler and Millodot (2006) 
unanimously reject this hypothesis, as undercorrection resulted in an 
increased rate of myopia progression compared to myopic children wearing 
full refractive correction.  Adler and Millodot (2006) emphasise that it is 
difficult to draw comparisons between the response to imposed myopic 
defocus in an emmetropic monkey and a human with sustained retinal blur.   
  
22 
 
In myopes the mechanism for responding correctly to blur may be defective 
thus preventing the appropriate regulation of eye growth through 
emmetropisation (Chung et al., 2002). 
 
There are many unanswered questions regarding the role of blur in the 
development of myopia.  There is a broad understanding that genetic and 
environmental factors contribute to myopia development and progression.  
Genetic predisposition to myopia has been established (Wallman and 
Winawer, 2004).  But what remains unclear is how effectively myopes 
interpret blur and whether this propels further progression.  Gwiazda and co-
workers (1993) found that myopic children show a weaker accommodative 
response to a blur stimulus than emmetropes, indicating that there may be a 
physiological difference between the two refractive groups.  The authors 
propose that this response remains poor through the period of myopia 
progression and improves once stabilisation is achieved.  Myopes also show 
reduced sensitivity to blur – they have a larger DoF compared to 
emmetropes.  In reporting this finding Rosenfield and Abraham-Cohen 
(1999) ask whether the reduced accommodative response is therefore 
secondary to reduced blur sensitivity.  Their argument led to the conclusion 
that this may also be a possible stimulus for axial elongation.   
 
Wallman and Winawer (2004) emphasise the importance of environmental 
factors in the development of myopia, in particular extensive periods of near 
work.  They present a hypothesis that the hyperopic blur induced by a near  
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target may contribute to progression in myopes who have an already-
weakened accommodative system.  Finally, they propose that the refractive 
error differential between the central and peripheral retina may also 
contribute to progression.  In myopes the peripheral refraction is more 
hyperopic than the central, sending conflicting signals about the clarity of an 
image.  Correcting the central myopia will retain peripheral hyperopic 
defocus, sending signals to elongate ocular length, so that the image may be 
seen clearly by the eye. 
 
Therefore it would seem that the response to a blurred stimulus may be 
different not only between refractive groups (Rosenfield and Abraham-
Cohen, 1999) but that there are also differences in its perception within the 
eye – foveally and peripherally.  However the exact role of defocus in 
refractive error development remains an open question (Mutti et al., 2007). 
1.2.1.2  Monochromatic Aberrations 
The effect of aberrations on retinal image quality was first discussed by 
eminent scientists such as Descartes and Newton (Charman, 2006).  The 
introduction of wavefront aberrometry and adaptive optics techniques 
opened up the possibility of investigating higher-order monochromatic 
aberrations (Hampson, 2008, Liang and Williams, 1997).  Adaptive optics 
demonstrates that along with spherical aberration, coma (figure 1.5) and 
trefoil are the dominant higher-order aberrations (HOA) affecting optical 
quality (Villegas et al., 2008).  Artal (2006) described how the ocular 
components compensate for the presence of aberrations in younger  
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individuals.  The lens and cornea compensate for each other’s spherical 
aberrations and coma created by the decentred pupil, is compensated for by 
axial length.  The ageing process increases lens aberrations, which become 
less negative and therefore increase the overall effect of spherical 
aberrations on image quality (Artal et al., 2006, Pérez et al., 2009).  Despite 
inter-subject variability in distribution and magnitude, some generalisations 
between different refractive groups may be made: for example, corneal and 
lens aberrations are greater in hyperopes than in myopes.   
 
As well as studying the integral compensatory structural features, AO 
systems have helped to demonstrate that the deleterious effect of 
aberrations is overcome by a level of neural adaptation (Artal et al., 2004).  
Manipulation of aberrations by imposing either a rotated version of the same  
  
Figure 1.5: Simulations of PSF asymmetry with defocus for most common HOA 
(Wallman & Winawer, 2004) 
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pattern of aberrations or a set of another individual’s aberrations reveals a 
strong level of individual adaptation and a specific set point of clear vision 
from which the presence of blur may be judged.  The set point is not a 
learned criterion, but comes from a subjective calibration (Sawides et al., 
2011).   
 
The manipulation of aberrations, in particular elimination of spherical 
aberrations, has demonstrated a significant improvement in contrast 
sensitivity in some observers indicating a direct retinal benefit (Vlaskamp et 
al., 2011).  The introduction of further degradation with aberrations reduces 
image quality, but correction of HOA in individuals with excellent vision does 
not offer improvement in visual acuity (Villegas et al., 2008).  Equally there 
was no difference in stereoacuity when aberrations were corrected.  This 
indicates that individual adaptation to one’s own level of defocus contributes 
to the optimisation of retinal image quality and secondly other factors also 
influence visual resolution – in the case of stereoacuity, Vlaskamp and 
colleagues (2011) hypothesised that the limitations were imposed by higher-
level integration and eye movements. 
 
In summary in spite of the potential problems of defocus that may be 
foreseen by the presence of aberrations, the robust design of the eye 
ensures that the image produced is of appropriate quality to be resolved 
sufficiently by the neural component of the visual system (Artal et al., 2006). 
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1.2.1.3  Neural Resolution Limits 
The optical limits to resolution described earlier generally indicate a good 
match with the limits imposed by the neural system – in particular the retinal 
architecture, where resolution is limited by photoreceptor density and 
arrangement.  A topographical study by Curcio and colleagues (1990)  
showed that photoreceptor arrangement within the retina resembles a 
mosaic.  Rods outnumber cones by a ratio of 20 : 1 – there are 
approximately 78 – 107 million rods and 4 – 5 million cones.  The highest  
  
Figure 1.6: Photoreceptor density in the horizontal (upper) and vertical 
(lower) meridians. (Based on data from Curcio et al, 1990) 
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density of cones,  approximately 199,000/mm2, is to be found in a tight lattice 
arrangement in the fovea (Tobimatsu and Celesia, 2006).  This number 
declines precipitously to about half the maximum density at 150μm 
temporally and by 1mm away from the foveal centre the cone density has 
been estimated at 20,000/mm2 (Curcio et al., 1990).  The decline is steepest 
in the vertical meridian, which leaves a characteristically elliptical profile in 
which the cone density is the same across the horizontal meridian in the 
periphery, though it is displaced towards the nasal retina.  These isodensity 
contours create a characteristic shape known as a cone streak.  The decline 
recedes in the far periphery and a slight increase has been observed around 
16 – 18mm from the fovea reaching a density of 7,000/mm2.   
 
In the study of the photoreceptor map, Curcio and co-workers (1990) first 
observed the presence of rods at 100 – 200μm from the foveal centre.  They 
estimate the rod-free zone to be 350μm in diameter, but it is not centred on 
the cone peak density centre.  Initially the fall-off in cone density is mirrored 
by the increase in rod density – the peak rod density being in the superior 
retina at around 176,000/mm2 on average.  The highest rod density contours 
form an elliptical ring starting at around the same eccentricity as the centre of 
the optic disc.  However as with cones, density falls away in the periphery.  
The ring is roughly maintained, but in the inferior periphery, for example, it 
breaks up into smaller islands.  Rod density is estimated at 49,000/mm2 at 
20mm in the nasal retina.  The profile of photoreceptor density is shown in 
Figure 1.6.  Based on this, maximum resolution is estimated at 66.3 cpd,  
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although in one sample the estimate rose to 86 cpd (Curcio et al., 1990).   
 
A number of studies have also investigated resolution acuities of the retinal 
periphery. Ludvigh (1941) obtained Snellen acuities of the parafovea at a 
range of eccentricities up to 10˚ where acuity was reduced to 6/20.  Coletta 
and Williams (1987) measured parafoveal grating acuity at 3.8˚ of 
eccentricity using interference fringes.  They concluded that grating acuity 
was approximately 33 cycles per degree (cpd) at this location, although 
between 35 to 55 cpd gratings were still detectable, but their orientation was 
incorrectly identified.  This phenomenon is known as aliasing (Wang et al., 
1997), which is often seen in psychophysical experiments of this nature and 
is indicative of retinal undersampling – in other words – these spatial 
frequencies are beyond the resolution limit.  Thibos and co-workers (1987) 
also measured peripheral grating acuity: between 5˚ and 35˚ of eccentricity  
  
Figure 1.7: Photoreceptor and RGC density in the horizontal meridian 
(based on data from Curcio et al, 1990 and Curcio & Allen, 1990)  
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there was a decline in acuity from 14 to 2.6 cpd – acuity was halved for every 
12˚ increase of eccentricity.  They argue that peripheral acuity is limited by 
RGC density and not photoreceptor density.  Whilst the photoreceptor 
mosaic limits the resolution of the incoming signal, the ganglion cell layer is 
the gatekeeper of transmission of that same information to the brain.  Figure 
1.7 demonstrates the relationship between number of photoreceptors and 
ganglion cells.  In a second topographical study Curcio and Allen (1990) 
observed that there was an absence of RGCs at the foveal centre.  However 
the majority of RGCs are located within approximately 4mm of the foveal 
centre.  There is debate as to how much of the population of these neurons 
is within this area: the number ranges from 50 to 90%.  The total population 
of RGCs is estimated to 1.07 million and the number of cones is 
approximately 4 million. 
 
The way in which RGCs limit resolution appears to be location-specific also.  
Within central vision, the limitation is spatial acuity determined by 
photoreceptors.  But in the periphery it the RGC density that seems to be the 
limiting factor.  An analysis of the neural resolution of the retina with AO 
methods also verifies that within the central 5˚ area resolution matches cone 
spacing, whereas beyond this zone, resolution falls away from theoretical 
limits set by Nyquist sampling for cones and appears to match the limit set by 
RGC density (Rossi and Roorda, 2010).   
 
Although there is variation in the reported results, it is clear that resolving  
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capability decreases in the periphery.  Thus some authors (Wang et al., 
1997, Anderson, 1996) hypothesise that the main task of the retinal 
periphery is detection rather than resolution and the acuity level for this task 
is greater.  However detection acuity levels become more sensitive to 
imposed spherical defocus and acuity falls away quickly.  Conversely 
resolution acuity, although reduced, remains less affected by imposed 
defocus up to ± 4 to 6 D indicating once more a level of robustness within the 
visual system to tolerate a level of defocus and still contribute to the process 
of spatial resolution (Wang et al., 1997). 
1.2.2 Subjective Sensitivity to Defocus 
Measures of retinal image quality using double pass or interferometric 
techniques indicate that optical factors reduce image quality by 
approximately 15 – 20% (Campbell and Green, 1965).  Surprisingly the 
modulation transfer function (MTF) of the retinal periphery is not as 
compromised as expected – image quality remains relatively stable within 
the central 20˚ (Navarro et al., 1993, Jennings and Charman, 1981).  The 
findings from Rosenfield and Abraham-Cohen (1999) have also indicated 
that refractive error influences tolerance to blur, quantified by a greater DoF 
in myopes compared to emmetropes.  Furthermore Thorn and colleagues 
(1998) demonstrated that in emmetropes the imposition of myopic defocus 
reduced contrast sensitivity more in emmetropes than in myopes.   Clinicians 
and researchers routinely employ procedures that impose defocus to analyse 
visual function: in subjective refraction routines; to evaluate emmetropisation 
or to measure the limits of visual resolution.  Optical degradation induced by  
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Bangerter filters, may be prescribed as an alternative to occlusion therapy for 
amblyopia (Rutstein et al., 2011).  The threshold for the perception of blur is 
very subjective, and does not solely depend upon the limitations imposed by 
optical and neural factors already discussed.  Blur perception is affected by 
further intrinsic and extrinsic factors.   
 
Defocus is most easily imposed with spherical lenses and degrades the 
image by reducing contrast (Legge et al., 1987, Campbell and Green, 1965, 
Green and Campbell, 1965).  The effect can be evaluated in many ways, for 
example letter or grating acuity, contrast sensitivity or depth of focus.  
However the results become dependent on the task and not just the level of 
defocus.  Thorn and Schwartz (1990) reported that, under conditions of 
defocus, letter acuity is poorer than grating acuity, as the latter may be 
upheld due to spurious resolution and because the task involves detection 
and not resolution of spatial characteristics.  Defocus is also tolerated more 
by patients with reduced vision (Legge et al., 1987).   
 
An alternative to defocus created with spherical lenses is a Bangerter foil, 
which acts as a diffuser (Pérez et al., 2010).  The foil possesses a 
characteristic pattern of microbubbles whose density should relate to the 
severity of image degradation described by a numerical categorisation, 
ranging between 0.1 and 1.0.  The number relates to the Snellen decimal 
acuity expected with each filter, for example: with a 0.2 filter, VA should be 
6/30, whilst 0.8 equates to 6/7.5 (Rutstein et al., 2011).  However the  
  
32 
 
microbubble density has not been found to correlate well with expected 
acuity and outcomes of foil reference MTF do not correlate directly to VA and 
contrast sensitivity outcomes.  Conversely in amblyopia therapy, Bangerter 
foils may not affect stereoacuity as adversely as spherical defocus (Pérez et 
al., 2010).  
 
Jacobs, Smith and Chan (1989) compared the effect on blur detection 
thresholds of applying defocus to the source (a Landolt C target), and 
separately by means of a lens placed in front of the observer.  The subjects’ 
detection of defocus improved (by approximately 18%) when it was a feature 
of the image rather than integrated into their viewing system.  However there 
was a strong correlation (0.994) between the two methods, such that it would 
be difficult to favour one over the other.  The authors propose that the type of 
method selected may depend  upon the experiment being conducted. 
 
Jacobs and co-workers (1989)  also demonstrated that the threshold for 
detecting blur is approximately three times greater than the threshold for 
detecting greater defocus in an already-blurry image; 0.18 D and 0.06 D 
respectively for a pupil diameter of 4 mm.  Wang and Ciuffreda (2005a) 
found that the threshold for blur discrimination – the perception of blur in an 
already-blurred image -  was smaller than for initial detection of blur, 
although in their study the blur discrimination threshold was only half of the 
blur detection threshold: 0.47 D and 0.87 D respectively.  In both studies blur 
detection was unidirectional, as opposed to DoF studies that measure both  
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proximal and distal blur thresholds.   Jacobs’ group made their estimations 
using a 50% threshold with a randomised staircase method, whilst Wang and 
Ciuffreda used a 100% blur criterion based on a method of adjustment.  
Jacobs et al presented the clear reference target and defocused test target 
consecutively, requiring their subject to make comparisons with a slight time 
delay.  In Wang and Ciuffreda’s experiment, judgements were made on a 
single target that was constantly visible.  The differences in methodology 
possibly account for the differences in blur thresholds. 
 
Variation in results notwithstanding, these and other blur detection and 
discrimination studies (Remole, 1982, Hess et al., 1989) show that the visual 
system is more resistant to blur when the level of defocus is very low.  But as 
defocus grows and contrast is reduced the threshold for blur tolerance can 
no longer be maintained and image defocus is detected.  Jacobs and 
colleagues (1989) attributed the initial resistance to a neural sharpening 
mechanism which, once dampened by sufficient defocus was no longer 
active and neural resolution then became the limiting factor. 
 
Field and Brady (1997) looked at cues to blur perception within natural 
scenes.  The range of spatial frequencies within a scene can be described as 
its amplitude spectrum (Webster et al., 2002).  Although images vary greatly 
in detail: edges, contrast, patterns, shadows and so forth, when analysed 
statistically, low frequencies have a high amplitude and high frequencies a 
low amplitude.  This fall in amplitude can be shown within a range around 1/f,  
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where f is the spatial frequency.  Field (1987) suggested that this amplitude 
spectrum is representative of most images, although predictably some 
variation in the range of tolerance is reported (Tolhurst et al., 1992).  
Nevertheless Field & Brady (1997) describe that such a model correlates 
well with the spatial frequency channels in ganglion and cortical cells to 
obtain maximum information from the image.  They identify two sources of 
variability within the scene that may allow blur to be perceived.  One is a 
steepening of the amplitude slope by decreasing the amplitude of higher 
frequencies and the other is a change to the relative density of the image 
structure, i.e. changing the number of edges.  What is important here is that 
it is changes in specific features that will alter the perception of the image 
rather than induce defocus per se.   
 
Webster et al (2002) demonstrated that perception of an image could be 
changed based on surrounding visual percepts.  If a clear image is 
embedded within a set of slightly defocused images, the image will look 
sharper.  Alternatively if it is placed within a set of sharply-focused images, it 
will appear blurry (figure 1.8).  Thus, whilst the overall range of spatial 
frequencies of images and scenes may have a similar profile, local 
modifications are more likely to change the percept and consequently may 
induce blur. 
 
Layton, Dickinson and Pluznick (1978) suggested two factors that may affect 
the use of blur perception in the clinical setting.  Firstly, the instruction given  
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Layton and co-workers (1978) demonstrated that a group of 30 subjects will 
vary in their qualitative thresholds of blur perception.  They proposed that 
knowledge of an individual’s blur perception thresholds using objective 
methods may help achieve the best refraction result possible.  Atchison and 
co-workers (1997) also suggest that measurement of DoF  - and therefore 
perception of blur – is open to variability based on both the amount of 
instruction received and the subject’s selection of a blur criterion, which may 
vary based on target size.   
 
The perception of blur is highly complex.  The resolution of the human eye is 
limited by physical features of both its own structure and of the target.  
Optical factors include aberrations, refractive media, and the spatial 
frequency properties of the object.  Each observer will also have their own 
perception of blur, and a constantly changing visual diet will alter the 
threshold for defocus.         
1.3 Adaptation to Blur 
The visual system has to be able to respond to an ever-changing 
environment.  Adaptation is  a neural response to recent visual history and 
therefore a  fundamental component of sensory information processing 
(Kohn, 2007).  A key outcome is to prevent the loss of information by 
improving sensitivity when incoming signals are weak or decrease sensitivity 
to prevent saturation by strong signals (Demb, 2008).  It is also an example  
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of neural plasticity; other forms include perceptual learning and 
reorganisation after injury.  The study of adaptation may allow a greater 
understanding of how neural processing is adjusted.   
 
It is thought that adaptation occurs at each stage of visual processing and 
that the adaptive effects may be different at each stage (Kohn, 2007).  
Gaining an understanding of how adaptation affects different stages of the 
visual system gives insight into how those stages interact with each other 
and how they respond to changes in the visual environment.  Probably the 
most obvious example of retinal adaptation is light adaptation: the ability of 
the retina to detect and react to small differences in mean luminance across 
varying luminance ranges has developed over millions of years.   
 
The phenomenon of spatial frequency adaptation provides a clear example 
of the organisation of the visual system into specific frequency channels and 
secondly that adaptation is a part of visual processing.  Spatial frequency 
adaptation was reported by Blakemore and Campbell (1969) who 
demonstrated that adaptation to high spatial frequencies causes a short-term 
reduction in sensitivity to a band-limited range of spatial frequencies centred 
around the adapting frequency (up to an octave either side).  This adaptation 
effect occurs for frequencies within the range of between 3 and 14 cpd and 
can reduce contrast sensitivity by up to 1.5 log units.   This study also 
demonstrated that the locus of adaptation mechanisms played an important 
part: adaptations that took place in cortical cells at the point of binocular  
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summation would have the capability of transferring the adaptive effect to the 
fellow eye. 
 
A more recent study has investigated contrast adaptation, a process which 
seems to be active in both the retina and visual cortex (Heinrich and Bach, 
2001b, Demb, 2008, Kwon et al., 2009).  The studies show that there may be 
opposite effects in the retina and cortex.  Heinrich and Bach (2001b) used 
electrophysiology to demonstrate that the retina appears to decrease activity 
in response to high contrast adaptation (amplitude and latency), whilst in 
cortical cells adaptation to high contrast enhances activity.  Although they 
were unable to show any significant outcome at low contrast, Kwon et al 
(2009) conclude that following a four-hour period of adaptation to reduced 
contrast using specialised goggles, participants’ contrast discrimination 
thresholds decreased, thus improving sensitivity.  Based on psychophysical 
data and functional MRI (fMRI) responses, the authors suggest that this 
adaptation takes place in cortical cells and employs a compensatory 
mechanism to enhance the long-term contrast response.    
 
Adaptation takes effect over different timescales and it is unclear yet whether 
the same mechanisms that realise the adaptive effects in the short-term are 
the same as those that would work in the long-term.  The contrast adaptation 
studies demonstrated that different processing centres react differently and 
little is known about the effects that higher processing centres may influence.  
However it is a useful area of study to learn about neural plasticity and even  
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understanding short-term effects may help to build a picture of longer-term 
mechanisms.   
 
The notion of sensory adaptation to blur was based initially on anecdotal 
evidence, mainly from myopes, who reported improved vision after a period 
without refractive correction (Mon-Williams et al., 1998).   Pesudovs & 
Brennan (1993) gave the first objective evidence of this finding in a group of 
10 myopes.  Seven subjects reported better binocular visual acuity following 
a 90-minute period without refractive correction (mean change = 0.04 log 
MAR).  Mon-Williams et al (1998) also found that VA improved in a group of 
15 emmetropes following a period of adaptation to 1 D of myopic defocus 
(0.12 log MAR in the right eye).  Furthermore the adaptive effect was 
measurable in the fellow, “non-adapted” eye: an improvement of 0.08 log 
MAR was noted.  A number of other studies have presented further evidence 
of the effect of blur adaptation on VA.  Their results are presented in table 
1.1. 
 
All measures of VA were carried out monocularly using an Early Treatment 
of Diabetic Retinopathy Study (ETDRS) log MAR chart, with the exception of 
George and Rosenfield (2004), in which the VA was measured binocularly 
using Landolt Cs.  All studies were performed at central fixation.  The results 
indicate that VA does improve, but those authors who compared refractive 
groups concluded that the level of improvement in VA achieved following blur 
adaptation does not depend on refractive group.  The results are variable but  
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there does not appear to be any correlation between the diotpric level of 
defocus or adaptation time and improvement in VA. 
Table 1.1: Summary of mean VA improvements observed in blur adaptation studies 
Authors Subject Cohort MSE (D) 
Defocus 
(D) 
Adaptation 
Time (mins) 
Mean VA 
Improvement 
(log MAR) 
George & 
Rosenfield (2004) 
EMM -0.27 
+2.50 120 
0.13 
MYO -3.70 0.27 
Rosenfield et al 
(2004) MYO -1.85 +1.85 180 0.23 
Wang et al (2006) MYO -3.00 +2.50 60 0.15 
Cufflin et al 
(2007b) 
EMM +0.12 
+1.00 30 
0.05 
EOM -4.56 0.07 
LOM -2.34 0.07 
Cufflin et al 
(2007a) 
EMM +0.01 
+1.00 
45 
0.16 
+3.00 0.20 
MYO -4.44 
+1.00 0.16 
+3.00 0.26 
 
When spherical defocus is replaced by cylindrical defocus, adaptation to 
horizontal blur causes a shift in the neutral towards a vertical bias and vice 
versa.  Furthermore blur adaptation also shifts perception of depth: adapting 
to blur at near renders subsequent images seen at distance more blurry 
(Sawides et al., 2010). 
1.3.1 The Mechanism of Blur Adaptation 
Adaptation to blur is explained as a retuning of the spatial frequency 
channels, and its effects can influence acuity, contrast and image perception 
(Webster et al., 2002).    Georgeson & Sullivan (1975) put forward the idea of 
contrast constancy: the visual system is presented with a diet of ever-
changing contrasts, that alters the gains of spatial frequency channels.  The  
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modification of channel gain is an inhibitory process: the increase in gain in 
certain channels inhibits the gain of others.  In this way the range of spatial 
frequencies – the amplitude spectrum – processed by the visual system 
retains equilibrium.  This comparison is made constantly, and thus the 
retuning process helps maintain image resolution.   
 
Georgeson and Sullivan (1975) emphasise that this process occurs at 
threshold, i.e. at the limits of visibility.  It was demonstrated by a contrast 
matching experiment in which observers compared two sinusoidal gratings – 
the standard was presented at 5 cpd, but of varying contrast levels and the 
test target was presented at different spatial frequencies – between 0.25 and 
25 cpd – and of varying contrast levels.  The observers’ task was to match 
the contrast levels of the two gratings.  A good match was made for gratings 
of all test spatial frequencies at high contrast.  However, as contrast level 
was decreased, the match was poor for gratings above 10 cpd.  The profile 
of contrast matching resembled that of the contrast sensitivity function.  The 
MTF for gratings of 25 cpd is only 10-15% due to the optics of the eye, and 
yet paradoxically this experiment demonstrated that the visual system is still 
able to detect the apparent contrast of such a target, but only if it is 
sufficiently high.  The conclusion is that the visual system adopts a 
compensatory process to restore the original image.  However, this 
compensation does not act linearly; if this were the case, then contrast 
matching would occur at all contrast levels and as Georgeson and Sullivan 
demonstrated the profile collapses at low contrast for gratings over 10 cpd.   
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Secondly it does not change contrast sensitivity at threshold, as the contrast 
sensitivity function (CSF) is independent of the compensatory process.    
Georgeson & Sullivan’s study was performed with optimal refraction. Mon-
Williams et al (1998) demonstrated that contrast constancy is also active 
under conditions of defocus: the gain of mid-range channels (5 – 25 cpd) is 
depressed, so that more information can be extracted from higher spatial 
frequency channels (above 25 cpd) at lower contrast.  Thus VA improves 
following adaptation to blur.  This finding contradicts Georgeson and 
Sullivan’s conclusions that CSF is not affected, but the basic theory of 
channel gain adjustment is still relevant.  However Mon-Williams and others 
agree that, at threshold, there is no observed increase in sensitivity to higher 
spatial frequencies.    
 
Rosenfield et al (2004) reported that blur adaptation improves grating acuity 
at low to medium contrast levels (2.5% to 40%).  They stated that high 
spatial frequency amplitudes are attenuated by the adaptive process, whilst 
low spatial frequency amplitudes remain unaltered and thus improve grating 
acuity at lower contrast levels.  In a recent study, Rajeev & Metha (2010) 
once again demonstrated that contrast sensitivity is enhanced at spatial 
frequencies of 8 and 12 cpd, but reduced at 0.5 and 1 cpd following 
adaptation to blur.  Their results seem to contradict those of Mon-Williams et 
al (1998).  The authors suggest that the lack of “top-up adaptation” by Mon-
Williams may account for the failure to observe any enhancement in the mid-
range spatial frequencies.    
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The second key element of contrast constancy is that the information from 
the spatial frequency channels is brought together before the final percept is 
completed (Mon-Williams et al., 1998).  A reasonable assumption would be 
that layer I of the primary visual cortex would represent a viable pooling and 
processing point – where channels are selective for orientation and spatial 
frequency (Georgeson and Sullivan, 1975).  The study by Webster et al 
(2002) may provide further evidence of early-stage processing: presented 
with a range of images that had been physically sharpened or blurred, 
observers had to decide if the images were in focus, too sharp or blurred.  
The task was performed after a 3-minute period of adaptation to a picture 
that had been similarly sharpened or defocused.  The observers’ judgement 
of the clarity of the test pictures was biased by the adaptation picture: if they 
adapted to a blurred image, an in-focus test target appeared “too sharp“, or 
“blurry” if they had adapted to sharpened image.  Webster and co-workers 
(2002) argue that adaptation affects the observer’s point of best focus, which 
seems to be based on previous visual experiences and is thus retuned 
accordingly.   
 
Pesudovs & Brennan (1993) have proposed alternative suggestions for the 
process of blur adaptation.  Firstly, the removal of refractive correction may 
stimulate a change in accommodative tonus.  Although not considered 
overcorrected, the myope’s spectacles may induce a slight increase in 
accommodation, which causes blur on spectacle removal, but tonus would 
decrease over time resulting in an improvement in VA.  Secondly, a  
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psychological idea that “spectacles weaken the eyes” may influence a 
subject’s perception, in particular in the case of myopes who only wear their 
correction occasionally.  Whilst there was insufficient evidence that either of 
these two theories may play a role, the authors were careful not to dismiss 
them completely.   
1.3.2 The Effect of Blur Adaptation 
Hypothetical links have been made between the consequences of adaptation 
to defocus and myopia development (Rosenfield et al., 2004).  The 
contribution of blur to the emmetropisation process has already been 
discussed in a previous section (section 1.1.1).  Rosenfield and Abraham-
Cohen (1999) reported that myopes have an increased threshold for blur 
detection than emmetropes: 0.19 D and 0.11 D respectively. Jiang (1997) 
and Gwiazda et al (1993) carried out similar studies and also found that 
myopes’ ability to detect blur is generally poorer than in non-myopes.  
Rosenfield and Abraham-Cohen (1999) propose that the reason for this may 
be an underlying weakness in the accommodative motor system or that 
myopes are simply less sensitive to retinal defocus. 
 
When a period of extended myopic defocus is introduced, i.e. adaptation, the 
results are further reinforced.  Cufflin et al (2007b) found that following the 
adaptation period, blur detection thresholds increased thus decreasing blur 
sensitivity further.  A pertinent finding was that this effect was statistically 
significant in early-onset myopes: the proximal threshold for blur detection 
was 0.22 D higher following adaptation and the distal threshold increased by  
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0.3 D.  Generally early-onset myopes were poorer at discriminating between 
different levels of defocus.  Vera-Diaz and co-workers (2004) also 
demonstrated that adaptation to defocus increased the accommodative 
response in myopes, whereas in emmetropes it remained relatively stable.  
The authors suggest that despite having a reduced sensitivity to blur, 
myopes use their blur cues more actively than emmetropes to enhance their 
response to a near target, and that the strength of the response grows during 
the blur exposure period.  They draw parallels with the findings that an 
accommodative response that is generally weaker during the progressing 
stages, improves once myopia is stabilised.  Cufflin and Mallen  (2008) 
confirmed that blur adaptation causes an increased response time in 
accommodation responses to dynamic targets. 
 
The findings of the above studies are in direct contrast to those of Wang, 
Ciuffreda and Vasudevan (2006) who reported that blur adaptation actually 
increase myopes’ sensitivity to blur and decreases their DoF.  Once again 
neural compensation is suggested as the underlying mechanism.  Wang et al 
(2006) also suggest that the improvement in blur sensitivity has a direct 
effect on the increased visual resolution, measured as VA.  Cufflin et al  
(2007b) suggest that procedural differences may account for the conflicting 
results. 
 
The studies carried out thus far have demonstrated that the adaptation to 
blur is a neural and not an optical process.  All authors agree that blur  
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adaptation improves VA under defocus and whilst they also agree that a 
basic retuning of spatial frequency channel gains underpins the process, 
there are conflicting results regarding its effect on contrast sensitivity.  Mon-
Williams et al (1998) suggested that the compensatory process could 
optimise vision in early development and also later in life - when various 
pathologies, such as cataract, may affect visual perception.  Thus, whilst blur 
is regarded as a bothersome phenomenon in normal vision, it is a necessary 
element to enable the visual system to develop and maintain the best 
resolution possible. 
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CHAPTER 2 
Instrumentation and Procedures 
 
This investigation combines a number of procedures to study the aspects of 
the blur adaptation mechanism under consideration.  Previous blur 
adaptation studies have employed only psychophysical measures, 
specifically visual acuity and contrast sensitivity, to examine the effect of blur 
adaptation on visual function. 
 
Resolution measurements have provided consistent and repeatable results 
of foveal VA under defocused conditions, therefore measuring the response 
of the parafoveal area to a period of prolonged myopic defocus will permit a 
reasonable comparison of foveal and parafoveal VA changes under defocus.  
Foveal VA will also be used to evaluate the onset of blur adaptation. 
 
Similarly the investigation of the contrast sensitivity function under prolonged 
defocus will employ letter stimuli rather than gratings as the latter are 
considered to be less sensitive to the effects of defocus (Thorn and 
Schwartz, 1990).  The contrast sensitivity programs selected for this 
experiment present a range of stroke frequencies to be sampled under 
defocused conditions.  Additionally naive observers are familiar with letter-
identification tasks, making these procedures easier to perform. 
 
This study also aims to present objective evidence of blur adaptation –  
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particularly in relation to the locus of the adaptive mechanism.  Adaptive 
effects may take place at any stage of visual processing and may involve 
more than one visual processing centre.  Two electrophysiological protocols 
have been selected to measure the effect of blur adaptation, one at the 
cortex and the other at the retina.  The hypothesis of blur adaptation 
proposes that it is a property of cortical processing.  Pattern-reversal visual 
evoked potential will be used to assess whether a period of prolonged 
defocus alters the VEP response and therefore confirm whether the 
mechanism is active at the visual cortex.  Certain adaptive processes, such 
as contrast adaptation, show evidence of activity at both the visual cortex 
and the retina (Heinrich and Bach, 2001b).  Therefore a pattern 
electroretinogram protocol will be used to measure the retinal response to 
prolonged defocus.   
 
Retinal activity is supported by the choroid.  In animal emmetropisation 
studies choroidal thickness changes may indicate a response to imposed 
defocus.  The potential for short-term change in choroidal thickness resulting 
from blur adaptation will be assessed with an enhanced-depth OCT imaging 
technique to determine whether this is a feature of the adaptive response to 
defocus in human adult vision. 
 
The following sections of this chapter will describe in detail the procedures 
and instruments selected for use in these studies.   
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2.1 Visual Acuity Measurement 
Visual acuity (VA) is the primary form of assessment of visual function in the 
clinical setting, evaluating an individual’s ability to resolve spatial detail (Arditi 
and Cagenello, 1993).  Visual performance may be described in terms of 
separation or detection acuity, but most often it is assessed in terms of 
minimum recognisable resolution (Benjamin, 2006), which not only 
represents the smallest resolvable detail in degrees of visual angle, but also 
higher-order recognition processes (Williams et al., 2008).   Acuity is the 
benchmark for measuring success in major clinical trials, such as the Early 
Treatment Diabetic Retinopathy Screening (ETDRS) (1985) and the Age-
Related Eye Disease Study (AREDS) (1999) and for assessing a patient’s 
suitability for many occupational tasks and other tasks which rely on a level 
of visual competence (Raasch et al., 1998).   
 
VA is commonly measured using letter optotypes – traditionally presented on 
paper or plastic charts, making the task rapid and easy to administer.  For 
many years Snellen’s optotypes and notation were the cornerstone of VA 
assessment despite widely-recognised deficiencies (Bennett, 1965).  The 
Bailey-Lovie VA chart addressed many of these issues, summarised in table 
2.1 (Bailey and Lovie, 1976, Bennett, 1965).  
 
The Bailey-Lovie design principles have been subsequently adopted and 
developed in other charts, such as the ETDRS chart, now considered to be  
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the gold standard against which the repeatability and validity of other 
methods of VA measurement are assessed and compared (Rosser et al., 
2003b).   
Table 2.1: Summary of differences between Snellen and Bailey-Lovie VA charts 
Snellen Chart Bailey-Lovie Chart 
Letters selected for chart are not of equal 
legibility. 
Variable letter height / width ratio. 
Style of letter may reduce its relative legibility 
compared to same letter in another style.  
Letters of equal legibility. 
Equal height / width ratio (5/4 stroke widths) 
Letters are non-serified and approved by the 
British Standards Institute.  
Unequal progression of letter size between 
consecutive lines. 
Disagreement about precise form of 
progression: geometric (ratio) or arithmetic 
(e.g. arc min). 
Geometric letter size progression adopted 
using a multiplier of 0.1 log unit (or ratio of 
1.2589) between lines. 
Uniform between-letter spacing - equal to 
one letter width, and between row-spacing - 
equal to height of letters on lower line. 
Unequal number of letters per row: fewer 
letters on lower acuity lines than on higher 
acuity lines. 
5 letters per row. 
Snellen fraction, based on testing distance 
represents a relative value of VA. 
Log MAR notation representing the actual 
size of the letter, which simplifies adjustment 
of VA scores from non-standard testing 
distances. 
 
Computerisation of VA assessment introduces a number of advantages over 
the paper chart, such as randomisation of stimulus presentation; repetition 
and averaging of measurements; statistical analysis of results (Rosser et al., 
2003b).  A computer-based program can also readily present a variety of 
stimuli including Landolt C and illiterate E optotypes and, if desired, provide  
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feedback to the patient on the correctness of the response or conclusion of a 
trial (Kumar et al., 2008, Ehrmann et al., 2009).  Method-comparison studies 
conclude that VA measured on computerised charts are equivalent to results 
from paper charts (Ehrmann et al., 2009, Beck et al., 2003) and that test-
retest variability may be reduced with a computerised system if acuity 
measures are repeated and averaged, rather than based on single measures 
(Rosser et al., 2003b).  Testing times can be longer with computer charts 
compared to traditional routines (Stewart et al., 2006, Ehrmann et al., 2009).  
Computerised charts also lack standardisation in terms of chart design and 
measurement protocol and are subject to hardware limitations, which may 
limit the VA range that can be assessed (Bach, 1997) or compromise the 
fidelity with which letters are presented on screen (Beck et al., 2003). 
 
The developments described above illustrate that progress towards 
standardisation of VA measurement has been achieved, but many 
parameters still remain open to interpretation.  In certain cases this may be 
an integral requirement of the protocol, for example, testing distance - which 
can be influenced by the patient’s pathology; or the level of refractive 
correction used - best corrected or unaided vision.  However Williams and 
colleagues (2008) reported that some published trials often pay insufficient 
attention to relevant protocol detail, such as chart design, testing conditions 
and termination criteria.  Without these details replication of a trial in another 
laboratory becomes difficult.  Furthermore their study highlighted 
inappropriate reporting and analysis of results, for example: the  
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transformation of Snellen scores into log MAR to enable parametric statistical 
analysis or inappropriate conversion of log MAR scores obtained an ETDRS 
chart tested at four metres.   
 
In the current study three forms of visual acuity measurement were used: the 
high-contrast ETDRS chart, the automated Freiburg Acuity and Contrast Test 
(FrACT) program (Bach, 1996) and the Test Chart 2000 log MAR chart 
(Thomson Software Solutions, Hatfield, Hertfordshire), all of which will be 
described in the sections below.   The inclusion of automated methods of VA 
measurement in this work presents an opportunity to try alternatives to the 
traditional paper ETDRS chart and evaluate their suitability for blur 
adaptation studies, as reliable VA results are a cornerstone of the 
examination of this phenomenon. 
2.1.1 ETDRS Chart 
The ETDRS chart was introduced by Ferris and colleagues (1982).  The 
ETDRS chart differs from the Bailey-Lovie chart in two ways: testing distance 
is set at four metres instead of six and 10 Sloan letters replace the 10 British 
Standard letters (see below).  The choice of letters of equal legibility; 
geometric size progression and letter- and size-spacing are all features that  
remain true to the Bailey-Lovie principles.   
 
British Standard Letters:  
 D E F H N P R U V Z 
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Sloan Letters: 
 C D H K N O R S V Z 
 
Ferris et al (1982) also introduced the concept of score interpolation: by 
assigning a score 0.02 log MAR to individual letters, an observer is given 
credit for every letter correctly identified and thus a more precise VA 
measurement is recorded.  There are three charts in the series with 
designation for carrying out the refraction (Chart R) and separate charts for 
VA measurement of the right eye (chart 1) and left eye (chart 2).  The charts’ 
dimensions are 63.5 cm wide and 60.3 cm high and they are printed onto a 
washable non-reflective high impact polystyrene (figure 2.1).   
 
 
 
 
 
 
 
 
 
 
 
 
  
Figure 2.1: ETDRS Chart 2   
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The charts allow accurate scoring of both high and low contrast VA and the 
results can be reliably analysed statistically (Lovie-Kitchin, 1988).  
 
The protocol set out by Ferris and colleagues gave clear guidance on the 
correct use of each of the charts and that, to obtain a VA score, the patient 
should be encouraged to read as many letters on the chart as possible.  The 
introduction of letter-by-letter scoring ensures that an accurate score is 
recorded and more importantly, makes allowances for the patient to miss or 
incorrectly identify letters along the way. 
 
VA measurements achieved with ETDRS are significantly better than those 
achieved with Snellen (Falkenstein et al., 2008).  For subjects with good 
baseline VA the discrepancy is smaller: 0.08 log MAR is a representative 
value, but the gap between the two measures widens (0.20 log MAR) when 
comparing patients with poor baseline acuity.  A mean difference between 
charts is ± 0.13 log MAR (Kaiser, 2009).  The score may differ between 
studies, but generally the same conclusions are reached (Elliott and Situ, 
1998, Falkenstein et al., 2008).  Both Raasch and colleagues (1998) and  
Hazel and Elliott (2002) found that acuity was marginally better with ETDRS 
than Bailey-Lovie charts.  Hazel and Elliott suggested that a difference in font 
size may account for this, but the difference was clinically negligible.  
However Raasch et al (1998) also commented that based on test-retest 
discrepancy, the British Standard letters used on a Bailey-Lovie chart may be 
more legible than the Sloan letters used on ETDRS.  Additionally Rosser and  
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colleagues (2003a) cautioned that despite its wide use, ETDRS may not be 
as sensitive to change as may be desired.  When comparing test-retest 
variability (TRV) to that of Snellen, ETDRS is significantly better.  The 
average Snellen TRV was 0.29 log MAR (Laidlaw et al., 2003), whereas for 
ETDRS this varies between 0.09 and 0.17 log MAR depending on baseline 
acuity (Arditi and Cagenello, 1993, Rosser et al., 2003a).  TRV is also likely 
to increase if less strict termination rules are applied (Arditi and Cagenello, 
1993).  The sensitivity to detect a change of 0.1 log MAR (1 line) could be as 
low as 50%, thus indicating that the ETDRS chart is perhaps less sensitive 
than at first thought (Rosser et al., 2003a).  Nonetheless, the use of ETDRS 
and the procedure of Ferris et al is widely accepted and more reliable than 
Snellen acuity in research and clinical settings (Falkenstein et al., 2008). 
 
The standard ETDRS chart has been used repeatedly in blur adaptation 
studies and has provided reliable data.  The chart was used in the studies 
assessing parafoveal blur adaptation (chapter 3) and contrast sensitivity 
(chapter 4).  In the former, the foveal VA was assessed using both the 
ETDRS chart and the FrACT program.  Here the ETDRS VA score served as 
a control for the FrACT data, which was being used for the first time for blur 
adaptation VA.  In the study of contrast sensitivity (chapter 4), the ETDRS 
chart was selected again to act as a control  by measuring VA before and 
after blur adaptation to determine whether or not the participant had adapted 
to defocused conditions. 
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 2.1.2 FrACT Program 
The FrACT program is one example of an automated method of measuring 
threshold VA.  The program offers vernier acuity or letter stimuli to measure 
VA.  The letter stimuli are either Landolt C or illiterate E.  Contrast threshold 
may also be measured using Landolt C optotypes.  The program is designed 
to give results rapidly and be free of examiner bias.  VA threshold is 
calculated using the Best PEST (parameter estimation by sequence 
threshold) algorithm (Lieberman and Pentland, 1982) – a maximum 
likelihood procedure which utilises information from all observer responses in 
a set of trials.  In the parafoveal blur adaptation study (chapter 3) the Landolt 
C optotype was used and further discussion will be limited to this stimulus. 
2.1.2.1 The Best PEST procedure 
The psychometric function describes the ability of a sensory system to 
discriminate or detect a stimulus of varying intensity (Zychaluk and Foster, 
2009).  Although the function will describe the system’s ability to perceive the 
stimulus over a desired range, it is common to extract one or two 
representative parameters, such as threshold and the slope of the function.  
The threshold value is the midpoint between the guessing rate and best 
performance, whilst the slope of the function describes how quickly 
performance changes with stimulus levels (Leek, 2001).  Classical 
psychophysical methods, such as the method of constant stimuli, require 
lengthy trials to obtain these details.  Adaptive psychometric procedures 
have evolved to improve the efficiency of evaluating a particular stimulus  
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response, but without compromising on data accuracy.  Adaptive 
psychometric procedures can manipulate any of the following parameters to 
achieve the optimal threshold value: magnitude of step size change between 
presentations; intensity level of starting stimulus; algorithm determining 
sequence of stimulus presentation and trial termination rules (Leek, 2001). 
 
The Best PEST combines two adaptive procedures.  An adaptive staircase  
based on the PEST method estimates threshold (Lieberman and Pentland, 
1982).  The PEST staircase is adaptive because it alters the staircase step 
size according to information taken from previous trials to narrow the upper 
and lower limits of the threshold estimate as tightly as possible (Leek, 2001).  
The procedure is enhanced by maximum likelihood estimates of the 
threshold based on the proportion of correct answers which creates a new 
psychometric function after each trial.  The mid-point of the new function is 
taken as the stimulus presented at the next trial (Leek, 2001, Lieberman and 
Pentland, 1982).  In the FrACT program the likelihood (୴౥) of the threshold 
being at ୭  is represented as follows: 
୴౥ ൌ ෑቀ୴౥ሺ୧ሻቁ
୬ౙ౥౨౨౛ౙ౪ሺ୴౟ሻ
୧
ȉ ቀͳ െ ୴౥ሺ୧ሻቁ
୬౟౤ౙ౥౨౨౛ౙ౪ሺ୴౟ሻ
 
Equation 2.1 
 
when in a set of trials, i, there are a number of correct responses, ୡ୭୰୰ୣୡ୲ሺ୧ሻ, 
and a number of incorrect responses, ୧୬ୡ୭୰୰ୣୡ୲ሺ୧ሻ , at a given acuity value, 
୧.  The task is the find the value of ୧ to maximise this expression (Bach, 
1996). 
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The Best PEST procedure only begins to calculate stimulus presentation 
after the fourth trial, as the first four Landolt C displays are of a fixed size 
corresponding to 1.8, 1.5, 1.2 and 0.7 log MAR acuity. These trials aim to 
standardise the acuity range presented on the monitor to avoid any influence 
of the computer’s properties (size, resolution, viewing distance) (Bach, 
2007).  An example of an acuity trial is shown in figure 2.2. 
 
The psychometric function underpinning the best PEST procedure is the 
logistic function, where the probability of a positive response at a given visual 
acuity level is calculated.  In FrACT this value is estimated as follows: 
ሺሻ ൌ ͲǤͳʹͷ ൅ ͳ െ ͲǤͳʹͷ
ͳ ൅ቀ୭ ቁ
ୱ 
Equation 2.2 
where s = slope and vo = threshold acuity (Bach, 1996). 
 
The threshold is the 50% point on the resulting curve between the guessing  
  
Figure 2.2: Example of VA trial in FrACT   
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ate and the lapsing rate.  The lapsing rate – the number of erroneous 
responses despite good visibility - may be considered negligible 
(Strasburger, 2001).  In other words this represents best performance and 
can be assumed to be 100%.  The guessing rate reflects chance 
performance and is determined by the number of forced-choice alternatives 
allowed.  Therefore if 8 orientations of the Landolt C are used, the guessing 
rate is 1/8 = 12.5%.  Threshold is calculated as follows: 
 
ͳͲͲΨ െ ͳʹǤͷΨ
ʹ ൅ ͳʹǤͷΨ ൌ ͷ͸ǤʹͷΨ 
Equation 2.3 
If only four alternative orientations are available, the guessing rate increases 
to 25% and the threshold is raised to 62.5%. 
2.1.2.2 Computational Requirements 
The FrACT program incorporates an anti-aliasing program to overcome the 
spatial resolution limitations of computer monitors (Bach, 1996).  The 
representation of a Landolt C optotype in computer pixels can be likened to 
one on squared paper.  If the object is a black and white picture, a computer 
pixel will be rendered black if it is occupied by more than half of the object; 
otherwise it is represented as white.  This produces a jagged image.  With  
the addition of anti-aliasing, the pixel intensity is proportional to the area 
covered by the object being sampled.  The FrACT program then employs 
grey levels to represent the object and smooth its appearance (figure 2.3).   
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Once the image has passed through low-pass filtering of the eye’s optics the 
retinal image of the optotype resembles one that had been produced with a 
smaller pixel size (Bach, 1996, Bach, 1997). 
 
The anti-aliasing technique is one which is found in gaming applications 
(Ransen) and also in Apple Macintosh computers: the black and white map 
of the optotypes is magnified four-fold.  The optotype presented to the 
subject is a pixel-map version shrunk by a factor of four, to which 16 or 256 
grey levels have also been applied (Bach, 1997).  This technique allows the 
gap width to be altered in 0.25 mm pixels, which would otherwise be limited 
to integer-size increments and would limit the acuity range.   
 
Prior to use, the system requires calibration and setup to calculate the 
screen resolution required for the desired testing distance and the maximum 
acuity that may be measured given the parameters (figure 2.4).  The  
  
Figure 2.3: Example of image before (left) and after (right)  
application of anti-aliasing (Ransen)   
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calibration procedure is very simple, requiring the measurement of a line 
presented on the screen.  The remaining setup options give control over key 
experimental parameters, such as the number of Landolt C orientations and 
the number of trials.  On a second screen, the monitor luminance may be 
checked to ensure compliance with the prescribed range for VA testing. 
 
The FrACT program was suitable for parafoveal blur adaptation experiment 
because of its ease of use for both the experimenter and participant.  With 
quick responses, one set of trials could be completed in less than one 
minute, ensuring that the participant remains attentive.  The automated 
program has good repeatability, mean coefficient of variation is 12% (Bach, 
2007).  In a separate validation study (Loumann Knudsen, 2003), VA results 
obtained in the FrACT program correlated closely with VA results from a  
  
Figure 2.4: FrACT program setup screen 
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decimal chart (r = 0.79). Finally the FrACT program has been used 
successfully to measure VA in low vision patients, whose VA was previously 
categorised as ‘Count Fingers’ or ‘Hand Motion’ (Schulze-Bonsel et al., 2006, 
Lange et al., 2009), indicating that measures of parafoveal VA, where vision 
may be reduced, are possible.   In pilot studies for this experiment, VA was 
measured using both gratings and the Landolt C optotype and the results 
obtained with the optotype were considered more reliable, therefore the 
Landolt C was the chosen stimulus for the experiment. 
2.1.3 Test Chart 2000 
The Test Chart 2000 is a computerised test chart used extensively in clinical 
practices and hospitals.  The program contains a wide range of visual test 
stimuli that are displayed through a Windows-based program on a standard 
computer monitor (www.city.ac.uk). To run the program successfully, the 
author recommends that the computer should possess a graphics card 
capable of supporting a resolution of at least 1280 x 1024 pixels.  A flat panel 
monitor is also preferable to provide uniform luminance and stability.  The 
screen may be viewed directly or through a mirror.  Calibration of the 
program is necessary at setup to adjust the display to the screen size and 
calibrate contrast.  Secondly testing distance may also be changed 
accordingly.  In this study, VA was measured at six metres (chapter 7), 
whereas contrast sensitivity was set for a 4 m working distance (chapter 4). 
 
The program offers both Snellen and log MAR VA testing and either British  
Standard or Sloan letters may be selected.  The VA range tested with the log  
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MAR is 1.30 (6/120) to -0.20 (6/3.8).  Between acuity levels of -0.20 and 0.60 
log MAR, the program presents five letters per line (figure 2.5).  However 
with increasing letter size and the constraint of the display screen size, the 
number of letters per line reduces, so that at the lowest acuity levels of 1.20 
and 1.30 log MAR, only one letter is presented at a time, requiring multiple 
presentations to achieve the five-letter line.  The key advantage of the 
program is letter randomisation, which is of particular importance when 
conducting frequent VA testing over a 20-minute period (chapter 7) and it is 
for  this reason that this chart was employed in this study. 
 
To date there are no published data comparing the reliability of the Test 
Chart 2000 to traditional paper VA charts.  However the current version is the 
product of much trialling and experience by clinicians collaborating with the 
program author.  Furthermore data on systems that are very similar to the  
  
Figure 2.5: Sample from Test Chart 2000 VA screen 
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current one indicate that results obtained with the computerised chart are 
equivocal to VA measured with traditional log MAR charts (Ehrmann et al., 
2009). 
2.2 Contrast Sensitivity 
The ability to perceive an object at low contrast or detect slight changes of 
luminance between regions not defined by borders or edges, is considered to 
be a vital element of visual performance (Arden, 1978, Arditi, 2005).  
Changes in an individual’s contrast sensitivity function (CSF) can have a 
more putative effect on their visual capabilities than a reduction of visual 
acuity (Elliott and Situ, 1998). 
 
An early example of the human contrast sensitivity function was Campbell 
and Green’s study (1965) of the resolution limits of the retina.  Although the 
main thrust of this investigation was to highlight the impact of the eye’s optics 
on retinal resolution, the illustration of contrast transfer properties 
demonstrated the interaction between spatial frequency and contrast thus 
delineating the range of visible frequencies.  The subsequent array of 
investigations using sine wave gratings delivered much-needed knowledge 
about the importance of contrast sensitivity to clinical practice (Kelly, 1977). 
 
The key advantage of using gratings was that visual performance could be 
evaluated across a complete range of spatial frequencies, whereas high-
contrast VA assessed only one extreme.  Thus it became known how  
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amblyopic and certain retinal pathologies alter the CSF in the absence or 
together with VA loss (Arden, 1978).  Analysis of CSF with gratings also 
demonstrated phenomena such as spatial frequency adaptation and channel 
selectivity (Blakemore and Campbell, 1969) and that spatial sensitivity is not 
uniform across the retina (De Valois et al., 1982, de Valois and de Valois, 
1990). 
 
Despite such advancements, routine clinical testing of CSF did not become 
commonplace.  The expense and complexity of equipment as well as the  
time-consuming nature of the test protocols were the main disadvantages 
(Owsley, 2003).  Examples of grating-based tests that were subsequently 
developed for use in clinical practice include the Arden plates (Arden, 1978) 
and the VisTech chart, which may be still found in use today (Ginsburg, 
1984). 
 
A new paradigm was created by the introduction of the CS test using letters.  
Primarily the argument in favour of a letter-based test instead of gratings was 
task familiarity – clinicians and patients are both familiar with letter 
identification tasks (Pelli et al., 1988).  Letters are good stimuli for 
psychophysical procedures, relying strongly on alternative forced-choice 
procedures, which have been shown to yield higher CS results than 
subjective methods (Vaegan and Halliday, 1982).  
 
Letters are composed of a broadband range of spatial frequencies in a  
  
66 
 
combination of horizontal, vertical and oblique contours rather than simple 
gratings (Elliott et al., 1990).  The spatial scale of a letter is commonly 
described by its stroke width and using the assumption that there are five 
strokes in a letter and two strokes per cycle (one light and one dark bar), a 
standard Sloan letter may be assigned an object frequency of  approximately 
2.5 cycles per letter (cpl).  Some authors propose that stroke frequency 
varies depending on alphabet and optotype (Bondarko and Danilova, 1997, 
Majaj et al., 2002, McAnany et al., 2011).  If all letters were identified by their 
stroke width, the MAR values of the letter could be easily converted to spatial 
frequency based on the angular subtense of stroke width (McAnany et al., 
2011).  In addition to this, all observers would have to use the same object 
frequencies to identify letters and this is not the case.  Evidence from CS 
studies suggests that the identification of smaller size letters is mediated by 
low object frequencies and higher object frequencies are used for larger 
letters.  In practical terms this means that small letters are identified by gross 
strokes, whereas edge detail is important for larger letters.  The linear 
relationship between object frequency and angular subtense that defines this 
hypothesis holds true for broadband letters (Majaj et al., 2002).  Furthermore 
it illustrates that observers rely on more than resolution to detect the relative 
positions of lines making up a letter (Thorn and Schwartz, 1990).  Attempts 
to isolate the spatial channels required for the task by presenting band-
limited letters are considered inconclusive as letter identification only 
becomes difficult at very low or high spatial frequencies (< 1.5 and > 10 cpl) 
(Majaj et al., 2002). 
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Nevertheless the Pelli-Robson CS chart is considered to be a reliable clinical 
test that helps to identify significant alterations to the CS function (Elliott et 
al., 1990).  Introducing the CS letter chart Pelli et al (1988) emphasised the 
benefit of task familiarity as key and correct identification of a letter was 
considered as a useful criterion indicating that observers had seen a letter 
rather than perhaps guessed at the presence of a grating. 
  
The imposition of defocus reduces contrast sensitivity and introduces 
localised oscillations of sensitivity in the form of notches.  CS notching is 
considered to have both an optical and neural origin - and may be detected 
in observers who are not fully refractively corrected or who have retinal, optic 
nerve or other neural pathology that may affect the visual pathway (Apkarian 
et al., 1987).   
 
The loss of spatial frequency sensitivity typically occurs between the peak of 
the CS curve and the cut-off frequency (Strang et al., 1999).  A reduction in 
CS occurs with all types of defocus (Woods et al., 1996, Strang et al., 1999). 
Notches in the CS function under myopic defocus are shallower and slightly 
less predictable than those observed under hyperopic defocus (Atchison et 
al., 1998). 
 
The interaction of defocus with other optical factors is also an important 
consideration in the measurement of CS.  A variation of pupil size will either 
decrease or increase the effect of other aberrations, in particular spherical  
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aberrations, on the CS measurement.  Spherical aberrations interact with the 
imposed defocus to cause variation in the modulation transfer function 
depending upon the sign of defocus and the sign of the spherical aberration.  
Larger oscillations are seen in the presence of hyperopic defocus and 
positive spherical aberrations (Woods et al., 1996).  CSF is expected to be 
poorer with larger pupils in defocused conditions, but there can be very little 
difference in this variation between a small 2mm and a larger 6mm diameter 
pupil.  The location and depth of CS notches may also be affected by 
fluctuating pupil size (Strang et al., 1999). Using aberration models it is 
possible to offer predictions of CS performance under defocus, and this has 
been achieved with a greater degree of relative success for hyperopic  rather 
than myopic defocus.  However these models have limitations as the 
complex interaction between defocus, aberrations and pupil size in each 
individual mean that this process can be less than precise (Woods et al., 
1996, Strang et al., 1999). 
 
The accuracy of a task involving the resolution or detection of gratings under 
defocus is also affected by spurious resolution, which may alter the phase of 
a frequency.  Spurious resolution allows the detection of gratings of higher 
spatial frequencies, although these gratings have unstable phase and 
contrast .  Spurious resolution cannot be adopted in letter identification tasks 
under defocus.  The complex spatial details of letters may be still seen, but 
relations between lines will not always be clear and loss of fine detail will 
disrupt the process (Thorn and Schwartz, 1990). 
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Using letter or grating targets in CS experiments presents specific challenges 
and benefits.  Given their benefits, letter-based CS tests became the 
selected stimulus for the contrast sensitivity experiments carried out in this 
study (chapter 4).  The two CS tests used were the FrACT contrast threshold 
test and the Test Chart 2000 CS test.  At the time writing there was limited 
published data on the reliability of either program (see below) and only the 
FrACT program had been employed in a study with defocus induced with 
Bangerter filters.  In all published blur adaptation studies to date, the stimulus 
used to assess CS under blur-adapted conditions was a grating of varying 
spatial frequency and not an optotype.  The two optotype-based programs 
selected used different methodologies – one (Test Chart 2000) probably 
more familiar to a naive observer than the other.  Therefore using both 
programs provided an opportunity to compare their reliability and to evaluate 
the use of an optotype-based program in blur adaptation work.  Finally each 
program tested CS across a range of spatial frequencies.  However neither 
program on its own covered the range tested in previously published work 
(Mon-Williams et al., 1998, Rajeev and Metha, 2010).  Therefore a 
combination of results from the two programs would potentially allow a 
comparison with previous data. 
2.2.1 FrACT Contrast Sensitivity Test 
The principles of the FrACT program have already been discussed.  The CS 
test presents a Landolt C stimulus in a similar manner to the VA test.  Thus 
the number of trial presentations and Landolt C orientations are all amongst 
the controllable parameters.  The diameter of the Landolt C is also a variable  
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in this test, allowing a range of stroke frequencies to be sampled.  The 
diameter may be varied between 5 and 300 arc minutes.  Contrast is 
evaluated by an adjustment of the Landolt C luminance level.  Through an 
adaptive staircase a correct response reduces the contrast of the stimulus to 
its background and or increases it, if the response is incorrect.  The program 
reports the results in both Michelson and Weber contrast. 
 
The program was used successfully to measure both VA and CS in military 
personnel who had undergone laser-refractive surgery (Dennis et al., 2004).  
Some reduction in CS was reported, although it was not consistent in all 
viewing conditions tested.  This finding led the authors to suggest that 
perhaps this was partly due to an artificial ceiling of CS values within the 
program – but the evidence for this was inconclusive.  McCulloch and 
colleagues (2011) degraded their observers’ vision with Bangerter filters and 
used both VA and CS scores collected in FrACT as correlates of a facial 
detail discrimination task.  They found that the respective reductions in VA 
and CS with the imposed defocus were highly correlated and good predictors 
for other variables. 
2.2.2 Test Chart 2000 CS Test 
The CS test within the Test Chart 2000 program is based on the Pelli-
Robson CS chart.  Triplets of Sloan or British Standard letters are presented 
on a computer screen at descending contrast levels starting at 100% to 
0.6%.   As with the traditional Pelli-Robson chart the scoring is done in log  
CS units that vary by 0.15 log CS between each triplet. 
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The Pelli-Robson paper chart demonstrates good repeatability (± 0.15 log 
units for young, normally-sighted patients) (Elliott et al., 1990).  The test is 
often used as a benchmark for other CS tests.  In a comparative analysis 
with a version of FrACT, Pelli-Robson scores were for young adults very 
similar to those achieved in other studies (Bühren et al., 2006).  In the same  
study, the FrACT-based also managed to produce better CS score than the 
Pelli-Robson under normal testing conditions, but perhaps this was due to 
the smaller step size change in the former. 
 
Computer-based programs for letter-based CS testing do not appear to have 
given rise to as much debate as VA testing, perhaps because computerised 
CS testing using gratings was already prolific.  The Test Chart 2000 version 
of the CS test offers a wider range of stroke frequencies, because the size of  
optotypes presented may be altered.  Additionally the viewing distance is not 
restricted to 1 metre. 
  
Figure 2.6: Sample from Test Chart 2000 CS test screen 
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Thayaparan and co-workers (2007) considered the Test Chart 2000 CS test 
less repeatable than the traditional Pelli-Robson chart, but explained that 
some of the discrepancy could be due to properties of the particular monitor  
used, advising that perhaps a cathode ray tube (CRT) monitor would be 
preferable despite the program author’s recommendation of using a liquid 
crystal display (LCD) screen.  However the convenience of completing VA 
and CS procedures using one program was emphasised.  CS scores may be 
reported in a number of ways: as the log CS (typically associated with Pelli 
Robson charts) or as contrast sensitivity scores or percentage contrast 
(Weber contrast). 
2.3 Pattern Reversal Visual Evoked Potential 
The visual evoked potential (VEP) facilitates the non-invasive study of neural 
activity in the primary visual cortex (Zhang and Hood, 2004).  The VEP is a 
complex electrophysiological response that represents a summation of 
signals from many different types of neuron and multiple regions of the visual 
pathway (Weinstein, 1977).  The pattern-reversal VEP (PR-VEP) is the 
preferred clinical technique as it generates a reliable and repeatable signal 
(Odom et al., 2004).  The stimulus is typically a reversing black and white 
checkerboard, which provides a constant luminous stimulus (Sokol, 1978).  
Other techniques can be useful in specific circumstances, such as pattern 
onset-offset in patients with nystagmus (Odom et al., 2004), or to analyse the 
effects of contrast or luminance on the VEP response (Spekreijse et al., 
1973, Korth, 1983).  Alternatively, a flash stimulus may be presented to those  
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subjects who are unable to fixate on or show no response to a pattern 
stimulus (Tomoda et al., 1999).  Flash VEPs are insensitive to retinal locus, 
whereas PR-VEPs can be used to stimulate and compare responses 
generated in specific regions of the visual cortex  (Jeffreys and Axford, 
1972).  The stimulus is temporally modulated.  At a low rate of stimulation the 
VEP response is elicited with each stimulus presentation and is known as  
transient VEP.  When the stimulus rate is rapid the waveforms overlap 
becoming more sinusoidal and a steady-state VEP is elicited (Tobimatsu and 
Celesia, 2006, Odom et al., 2004).   
 
The transient PR-VEP generated in response to a checkerboard reversing 
every 500 milliseconds produces a characteristic signal seen in figure 2.7.  
Conventionally it is described in terms of the first three components: the 
initial negative component, N75, the maximum amplitude of which occurs  
  
Figure 2.7: Example of a normal PR-VEP response 
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approximately 75 milliseconds (ms) after stimulation.  This is followed by a 
positive component (P100), peaking at approximately 100 ms after 
stimulation, and a second negative component around 135 ms (N135) (Di 
Russo et al., 2005).  The low variability of response allows a reliable 
measure of the effect of specific parameters on the amplitude and latency of 
the main components (Odom et al., 2004), in particular the P100 peak, which 
is characteristic in both normal subjects and those with visual dysfunction  
(Halliday et al., 1972).  However the later components of the PR-VEP signal 
should not be overlooked as they may provide evidence about the 
functionality of different classes of visual receptor (Parker and Salzen, 1977).  
A reversing checkerboard stimulus produces two identical responses within 
one cycle, which allows a form of quality control of the signal (Spekreijse et 
al., 1973).  
2.3.1 Patient Preparation  
An important prerequisite of successful VEP recording is that the optical 
components of the eye are intact and fully functional (cornea, pupil, iris, 
lens), so that the stimulus can be registered by photoreceptors and the signal 
transmitted along the visual pathway (Nehamkin et al., 2008).  The patient 
must also have full distance refractive correction and remain alert during the 
testing period, as a lack of attention may impact on the outcome (ACNS, 
2006).  
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2.3.2 Electrode Placement 
The VEP response is recorded from a single electrode or through multiple 
 channels (Odom et al., 2010).  The electrode can be positioned on the scalp 
following the International 10-20 system (figure 2.8) (Jasper, 1958).  
Electrode placement is calculated in proportion to the size of the subject’s 
head, based on the distance between the nasion and inion.  In the following 
experiments (chapters 5 and 7) the active electrode is placed at Oz over the 
striate cortex, approximately 10% above the inion.  A reference electrode is 
placed at Fz above the nasion (chapter 7), or alternatively one on each 
earlobe and linked (chapter 5), and the ground electrode is located on the 
forehead approximately 10% above the nasion.  Prior to electrode 
attachment, the skin area is cleaned and prepared with an abrasive gel 
(Nuprep Gel, Weaver and Company) to lower impedances.  The electrode 
cup is filled with conductive paste (Ten-20 Paste, Weaver and Company) to 
improve electrical contact. 
2.3.3 Equipment 
The International Society for Clinical Electrophysiology of Vision (ISCEV) 
defines a protocol for clinical PR-VEP which aims to standardise both the 
assessment and reporting of the PR-VEP response.  The recording 
parameters were in line with the ISCEV standard (Odom et al., 2010) and are 
described in detail in the Methods sections of Chapters 5 and 7.  The VEP 
signal is acquired and analysed through a data acquisition unit and amplified 
20,000 to 50,000 times before being recorded on appropriate software for  
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10’, 15’, 20’ and 25’, which are classed as small and medium-sized stimuli.  
This reflects our work examining the effect of blur adaptation on high contrast 
and high VA targets.  The check sizes were selected during pilot studies, as 
they could be seen with defocus.  The stimulus was viewed on a CRT 
monitor at a distance of 114 cm, which allowed the observer to see the entire 
pattern on the monitor and is within the recommended working distance 
range (Odom et al., 2010).  The observer fixated a small target in the centre 
of the screen subtending a visual angle of 0.50˚  For PR-VEP fixation was 
binocular to avoid effects of retinal rivalry created by the occluder.    
2.3.5 PR-VEP Response 
The P100 peak represents the peak amplitude from the mid-occipital region 
occurring at approximately 100ms after stimulation. It is preceded by a 
negative peak at N75 and followed by a second negative peak at N135 .  The 
amplitude and latency of P100 should be measured from the peak of the N75 
deflection to the peak of the P100 deflection.  All components of the PR-VEP  
  
Figure 2.9: Measurement points on PR-VEP response 
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response considered for analysis will be measured in this way (figure 2.9).  
The amplified signal is recorded on software that allows analysis of the PR-
VEP response amplitude and latency.  In the blur adaptation study the 
software used was Signal (v. 2.16) (Cambridge Electronic Design, 
Cambridge, U.K.).  In the post-blur adaptation recovery study the software 
used was Espion (v.5) (Diagnosys LLC, Littleton, U.S.A.) 
 
Further analyses were undertaken in Excel (Microsoft Corporation) using a 
formula that facilitated a numerical identification of the peak component  
deflections (see Appendix 2).  This provided a second examination of the 
responses to improve the reporting accuracy of the amplitudes and latency 
values.   
2.4 Pattern Electroretinogram 
The pattern electroretinogram (PERG) reflects the electrophysiological 
response of the retina when it is stimulated by a reversing pattern of constant 
luminance (Maffei and Fiorentini, 1981).  The PERG allows an objective 
evaluation of retinal activity at the macula and the inner retina, specifically 
the retinal ganglion cells (Holder, 2001).   
 
PERG is an electrophysiological technique that examines a more localised 
response than the traditional full-field ERG in which the retina is stimulated 
by a flash of light (Zrenner, 1990).  The flash ERG represents a generalised 
response: although the stimulus may be concentrated on a specific retinal  
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location, stray light from the flash will stimulate a larger area, producing a 
higher voltage response than may be expected.  This highlights the clinical 
limitations of a full-field ERG: the response will not be altered unless a large 
area of the retina displays abnormal characteristics (Berninger and Arden, 
1988).  Conversely, any stray light from a reversing pattern stimulus will 
remain at a constant level and will not contribute to the response.  Thus the 
PERG represents local increases or decreases of illuminance and may be 
more sensitive to focal abnormalities.  Its output is therefore qualitatively 
different to that of the full-field ERG (Arden et al., 1982). 
 
Initially the PERG waveform was thought to be a low-amplitude response of 
the ERG b-wave, but Maffei and Fiorentini’s study (1981) of PERG before 
and after optic nerve section in the cat provided the first evidence for the 
hypothesis that the PERG originated from a different location to the flash 
ERG.  The transient PERG is generated in response to a checkerboard or  
  
Figure 2.10: Example of normal PERG response 
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grating reversing at low temporal frequencies and comprises three main 
components (Holder et al., 2007).  The small initial negative deflection 
occurring at approximately 35 ms after stimulation is followed by a positive 
peak at approximately 45 – 60 ms and a second negative component 
between 90 and 110 ms.  An example of a normal PERG response is shown 
in figure 2.10. 
 
The transient nature of the response means that such a waveform  
represents a complete response to the pattern stimulus before reversal.  A 
reversal rate of 8 Hz was considered by Hess and Baker (1984) as optimal 
for larger amplitude output.  However at this rate the PERG waveforms may 
overlap (Holder et al., 2007), thus a lower reversal rate – in the present case 
1 Hz – will overcome waveform overlap, but in return lower amplitudes 
should be expected.  As with PR-VEP, a two-waveform output may be 
considered as a form of quality control of the PERG (Spekreijse et al., 1973).     
2.4.1 Patient Preparation 
Full distance refractive correction is required to ensure that a good retinal 
image is achieved, as undesired optical degradation will reduce the quality of 
the output (McCulloch et al., 1997).  In most cases PERGs are recorded 
binocularly to maximise quality (Holder, 2001, Tan et al., 1989).  Pupil 
dilation is contra-indicated as this will interfere with the retinal image and 
reduce PERG amplitudes (Holder et al., 2007).  Pupil size, if within normal 
physiological limits, is generally not considered to be a limiting factor to good 
PERG (Berninger and Arden, 1988).  However cycloplegic drugs will have an  
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adverse effect as the lack of accommodative ability will reduce retinal image 
quality (Leipert and Gottlob, 1987). 
2.4.2 Electrode Placement 
The electrical voltage produced as a result of stimulation may be measured 
directly at the retinal layers using penetrating electrodes – a technique 
applied in animal studies to identify the origin of the ERG (Brown, 1968, 
Berninger and Arden, 1988).  In conventional studies, a variety of surface 
electrodes have been used to record ERG stimuli, placed either on the 
anterior eye surface or on the skin near the eye (McCulloch et al., 1997, 
Giltrow-Tyler et al., 1978). 
 
In earlier studies (Maffei and Fiorentini, 1981, Riggs et al., 1964, Marx et al., 
1986) a scleral contact lens was the preferred active electrode, but the 
introduction of conductive fibre or foil electrodes extended the use of the 
electroretinogram (Thompson and Drasdo, 1987).  These electrodes 
overcame many of the practical difficulties created by the contact-lens 
electrode, in particular removing the need for topical anaesthesia and 
improving the optical quality of the retinal image, thus making them more 
acceptable to patients.  Both electrode types cause excessive blink and 
eyelid movement artefacts (Berninger and Arden, 1988).  This is an issue 
particularly if the patient finds the electrode uncomfortable and here a skin 
electrode placed on the lower eyelid may be more appropriate (McCulloch et 
al., 1997).  The response from a skin electrode is considered to be unreliable 
by some, but not all authors; however they may be more suitable for longer  
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as Hébert et al (1999) demonstrated that there was no significant difference 
between the amplitude of the ERG signal measured through a DTL fibre and 
oscillatory potentials measured in the same subjects.  They concluded that 
any inter-session variability should be attributed to inter-subject variability. 
 
The DTL fibre is designed for single-use recordings and is held at either end 
by sticky pads that are attached to the skin, by the inner and outer canthus 
(figure 2.11).  A silver-silver/chloride cup reference electrode is located on 
the ipsilateral outer canthus as close to the DTL fibre termination as possible.  
Placement of the reference electrode at the ipsilateral outer canthus is 
recommended to reduce signal to noise ratio and contamination by artefacts 
such as cortical potentials or ERG signal form the fellow eye – if this is not 
required (Hess and Baker, 1984, Giltrow-Tyler et al., 1978).  The skin area is 
cleaned and prepared with an abrasive gel (Nuprep Gel, Weaver and 
Company) and conductive paste (Ten-20 Paste, Weaver and Company) is 
placed on the reference and ground electrodes.  Impedance measures 
between electrodes should be maintained low (less than 5 kΩ) to ensure that 
interference is at a minimum (Holder et al., 2007). 
 
2.4.3 Equipment 
Guidance on recording parameters is provided by the ISCEV standard for 
clinical PERG (Holder et al., 2007).  In the blur adaptation study, the PERG 
signal was acquired and averaged through a data acquisition unit and 
amplified 20,000 to 50,000 times before being recorded for analysis.  The  
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equipment used is described in the Methods section of chapter 6. 
2.4.4 PERG Response Measures 
Amplitudes and peak times of the PERG response are measured peak to 
trough (Holder et al., 2007) (figure 2.12).  The PERG is a low voltage  
response and the initial N35 component may be indistinguishable in certain 
subjects (Celesia and Kaufman, 1985), in which case the P50 amplitude can 
be measured from time zero (Holder, 2001).  The implicit time (time to peak 
deflection in the waveform) follows a similar measurement pattern.  However 
measuring points for both amplitudes and implicit times should be identified 
carefully and measured at the points that represent the smoothest waveform 
possible, which may not necessarily coincide with a peak or trough (Holder et 
al., 2007).  
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The PERG signal was analysed in similar fashion to the PR-VEP recordings 
using Signal software (v. 2.16) (Cambridge Electronic Design, Cambridge,  
U.K.) and with the formula in Excel (Microsoft Corporation) (Appendix 2) to 
facilitate identification of peak component deflections and implicit times. 
2.5 Optical Coherence Tomography 
Optical coherence tomography (OCT) permits the cross-sectional imaging of 
internal biological tissue.  OCT is often described as the optical analogue of 
ultrasound, using light instead of sound (van Velthoven et al., 2007).  OCT 
extends the principles of low coherence reflectometry and uses 
backscattered light travelling from both the sampled tissue and a reference 
mirror to create an interference signal (Huang et al., 1991, Spaide et al., 
2008).  Measures of the intensity and time delay of the light backscattered 
from the sampled tissue form the basis of the image (Wojtkowski et al., 
2012).  The interferometric signal may be acquired as a function of time or 
frequency.  The first generation of OCTs were known as time-domain OCTs, 
in which the position of the reference mirror was scanned in order to 
measure the delays and amplitudes of reflections from the tissue sample.  
Thus different delays were measured at different times (Wojtkowski et al., 
2012, Huang et al., 1991).  In spectral-domain OCTs (SD-OCT), the delays 
of light are measured by analysis of the spectrum of the light (Wojtkowski et 
al., 2012).  Depth information of a particular structure is carried by frequency: 
higher frequency within the signal represents greater depth (Spaide et al., 
2008).  The resulting A-scan is a measure of reflectivity versus depth and the  
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final output is a B-scan constructed from adjacent A-scans (van Velthoven et 
al., 2007). 
 
The OCT scan is a 2-D image acquired through a Michelson interferometer, 
with light emitted from a superluminescence diode divided by a beam splitter 
into the reference arm and the sampling arm (Huang et al., 1991).  The 
reflected beams from the two paths are combined and guided to a detector, 
where the interferometric pattern is measured.  Interference is only detected 
if both the reference and sampling path lengths match and are within the 
coherence length of the light source (Gabriele et al., 2011).  The scan is a 
map of the depth-dependent optical scattering in the sampled area of tissue 
presented in either greyscale or false-colour scale (Huang et al., 1991). 
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The OCT’s depth resolution is determined by the coherence length of the 
light source, which is determined by the spectrum bandwidth (Shidlovski, 
2004).  Lateral resolution is limited by the beam diameter focused within the 
tissue.  The choice of wavelength of the light source is one which minimises  
scattering and absorption, but maximises depth resolution.  Lower 
wavelength sources would achieve greater axial resolution, but are more 
likely to be absorbed by ocular tissues, therefore light sources in the 800 nm 
region are more suitable (van Velthoven et al., 2007). 
 
The incorporation of a broadband light source and increased data acquisition 
speed are two key parameters that advanced OCT technology (Drexler and 
Fujimoto, 2008) and led to the original time-domain OCT being replaced by 
spectral-domain OCT.  The broadband light source improves axial resolution 
from approximately 10 μm to within 1-2 μm and with a much increased 
acquisition  speed (> 20,000 A-scans per second compared to 400 in time-
domain OCT) (Drexler and Fujimoto, 2008, Sull et al., 2010), the reflected 
signals are detected in the frequency domain removing the need to scan a 
reference mirror to collect depth information (Gabriele et al., 2011, van 
Velthoven et al., 2007).  Instead spectral fringe patterns are relayed to a 
charge coupled device (CCD) detector, which gathers the frequency 
information of the signal that is subsequently transformed into an A-scan 
(Spaide et al., 2008) (figure 2.13).   
 
Although faster, the spectral method of signal detection compromises some  
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depth resolution, which means that penetration onto the deeper layers of the 
retina remains unachievable (Wojtkowski et al., 2012, Gabriele et al., 2011).  
As the light penetrates deeper, sensitivity and resolution decrease (Wong et 
al., 2011).  Furthermore, the frequency response range of the detector limits 
the frequency information extracted from the signal – the higher frequency  
signals from deeper tissues are not detected.  Resolution is also reduced 
because the Fourier transform does not translate depth information  from the 
signal evenly (Spaide et al., 2008). 
 
In SD-OCT the real image is accompanied by an inverted image and the 
output is displayed so that the inner retina is uppermost.  By convention the 
top of this image also represents zero delay, thus better image quality 
(Spaide et al., 2008).  But by moving the scanner closer to the eye, to image 
the deeper retinal layers, the inverted image is displayed so that the choroid 
is closer to the zero-delay line.  Thus the most focused signal at the zero-
delay is now coming from the choroidal layers.  Up to 100 images may be 
averaged to reduce noise.  This technique is known as Enhanced Depth 
Imaging (EDI) and allows the imaging of the ocular vascular tunic that was 
previously considered inaccessible.  
 
EDI was first demonstrated with the Heidelberg Spectralis (Spaide et al., 
2008) is probably the most commonly used OCT instrument in research, but 
the 3D OCT-1000 (Topcon, Tokyo, Japan) also offers enhanced depth 
imaging via its ‘Choroid’ function.  These and other instruments have been  
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used to capture images of the choroid (Sull et al., 2010).  Studies comparing 
choroidal thickness measures appear to offer reasonable agreement in terms 
of data output (Shin et al., 2012), although there is still much debate 
concerning the boundaries of the retinal structure (Sull et al., 2010). 
 
The 3D OCT-1000 Mark II incorporates an SD-OCT with a high resolution 
fundus camera.  The light source is a superluminescent diode with a 
wavelength of 840 nm and an axial resolution of 5 μm.  A-scans are acquired 
at a rate of 27,000 scans per second.  The instrument has three modes: 
macula, glaucoma and anterior segment.  Within the macula mode three 
scan protocols are available: 3D line scan, radial scan or 7-line raster scan.  
Following pilot data trials, the 7-line raster scan protocol was selected for the 
choroidal thickness experiment (chapter 8), as it offered better output.  The 
scan length is 6 mm and the width between lines is 0.25 mm (figure 2.14).   
 
 
 
 
 
 
 
To achieve enhanced depth imaging, the Topcon OCT has a ‘Choroid’ 
setting (figure 2.15) which adjusts the reference mirror position to permit 
focus on the choroidal tissue.  Stable fixation is maintained with an internal  
  
Figure 2.14: 7-line raster scan across foveal fixation 
(indicated by dot) 
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LCD matrix and alignment.  The fundus photograph accompanying each B-
scan allows the operator to confirm accurate positioning.  
 
 The resulting B-scan is displayed on screen.  The aspect may be altered, 
but the default setting of 1 : 2 was retained.  At present the analysis software 
is only capable of detecting retinal layers automatically to permit thickness 
analysis and the choroidal boundaries are therefore subject to interpretation.  
As with previous studies (Spaide et al., 2008, Sull et al., 2010, Shin et al., 
2012) the choroidal and retinal thickness measures were carried out using 
the in-built manual callipers.   
2.6. General Remarks 
 2.6.1 Experimenter Bias 
The phenomenon of experimenter bias threatens the validity of an 
experiment and may occur if the experimenter’s expectations influence the 
behaviours of the participant deliberately or involuntarily (White, 1976, 
Figure 2.15: OCT set-up screen 
91 
 
Strickland and Mercier, 2013).  Rosenthal and Lawson (1964) demonstrated 
that bias may not only be found in studies involving human participants, but 
could also influence the outcome of studies where the subjects were non-
humans.  Furthermore bias may impact on the selection and presentation of 
results in order to satisfy the hypothesis (Strickland and Mercier, 2013).   
 
The subject may be guided by subtle sensory cues provided unintentionally 
by the experimenter.  Alternatively they could be overtly encouraged or 
discouraged to complete the required task.  Examples of this include: 
emphasising details to which the subject should pay attention; giving limited 
instruction about the task or giving misleading information regarding the 
purpose of the task or details within the task itself (Rodrigues and Marques, 
2006, Rosenthal and Lawson, 1964). 
 
It is clear that good instruction favours participants’ performance: a set of full 
instructions with precise information may enhance performance (Rodrigues 
and Marques, 2006).  Incorrect information may also impact on the outcome 
of an experiment positively or negatively: Rosenthal and Lawson’s study  
demonstrated that the experimenters’ performance was biased by their 
assignment to work with either so-called ‘maze-dull’ or ‘maze-bright’ rats: 
those who thought that they were working with ‘maze-bright’ rats were more 
motivated and produced better results than those who thought that their rats 
were below standard.  In fact there was no difference between the rats’ 
breeding.  The presence of bias may also provide reason to discredit findings  
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published in the public domain or expert evidence presented in a court of law 
(Strickland and Mercier, 2013, McAuliff et al., 2009). 
 
Some findings do suggest that experimenter bias is not the sole contributory 
factor and that others have to be considered, such as the motivation of the 
participant - someone who is engaged (high in the need for cognition) will 
attempt the task more efficiently than someone who is less motivated 
(McAuliff et al., 2009).  They have an intrinsic desire to complete the task as 
successfully as possible.  Other personalities wish to please the 
experimenter regardless of instruction (Faw et al., 1969). 
 
 The imposition of defocus in visual experiments degrades an observer’s 
vision.  Consequently their inability to complete a VA task as well as they 
might have done under normal of best-corrected vision may be demoralising.  
An awareness of potential improvement in VA following a period of blur 
adaptation may instigate a change in the attitude of the observer towards the 
task in either a positive or negative fashion.  In previous blur adaptation 
work, only one study indicated that the instructions given to participants 
masked the experimental objective (Pesudovs and Brennan, 1993).  In other 
work it is not stated whether or not the purpose of the study was made 
known to participants.  Previous blur adaptation work in this laboratory 
(Cufflin et al., 2007b) did not disguise the objective or mislead the 
participants about the task.  On balance this factor does not appear to 
present any influence on the results.For the present set of experiments the  
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potential presence of the blur adaptation phenomenon was explained briefly 
to the volunteers as part of the participant consent procedure.  The 
description was limited to the example of improved visual acuity following 
adaptation and no quantification of the magnitude of improvement was given.  
It was also emphasised that the presence of the effect may not necessarily 
be perceived by everyone.  The explanation helped to clarify the need for the 
repetition of measurements at 3 stages (i.e. baseline pre- and post-
adaptation).  Due to the nature of the study,, the experimenter could not 
predict whether the results would present a positive or a negative finding 
therefore any opinion about the outcome was not expressed. 
 
The tasks could be categorised into two groups, depending upon the need 
for active experimenter-participant interaction.  Active experimenter 
involvement in the task was limited to the measurement of VA with the 
ETDRS chart or Test Chart 2000 program and CS measurement with Test 
Chart 2000.  The task of the experimenter was to encourage the participant 
to read as far down the chart as possible.  The final VA score is also 
dependent upon the personality of the participant and their willingness to 
guess or their desire to stop when they are no longer certain of the letters 
(Williams et al., 2008).  This is difficult to predict.  However the use of clear  
stopping rules for both these tasks ensured that the procedure ceased at the 
same point on every iteration.  The introduction of the FrACT program  
reduced the level of experimenter-dependence.  The adaptive staircase 
procedure that determined the size of optotype presented was dependent  
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upon the participant’s input only.  Any auditory signals indicating answers 
were removed.  The remaining procedures: VEP, PERG and OCT were 
objective measures and therefore any effect of blur adaptation was recorded 
or captured electronically – the experimenter could not ask the participant to 
do anything differently to enhance the outcome.   
 
Many blur adaptation studies have adopted the idea of filling the adaptation 
period with a film shown on DVD played on a TV screen.  The film offers a 
wide range of stimulation to retain the participant’s interest and prevent 
boredom and fatigue.  During the adaptation period, the participant was not 
allowed to perform any near tasks or read, therefore positioning the TV 
screen at  the pre-determined working distance also ensured that the 
participant had a good fixation target.  The role of the experimenter was to 
remind the participant to retain fixation at distance.  Casual conversation was 
also permissible as this helped to keep the participant at ease. 
   
The purpose of experimenter instruction was to train the individual in 
performing a task, for example, for VA measurement: “Starting at the top of 
the chart, read all the letters as far down as you can”; or using the FrACT 
program “The aim of the task is to identify the location of the gap in the letter 
C which may appear in one of four directions.”  In the case of the 
electrophysiological experiments more detailed and careful explanation of 
the procedures was required in particular regarding electrode placement and 
the visual signal being recorded (Appendix 4).   
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At each stage, where appropriate, the participant was given positive 
encouragement, in particular under conditions of defocus when the task 
became more difficult.  No distinction was made between the post- and pre-
adaptation stage.  The parafoveal (chapter 3), contrast sensitivity (chapter 4) 
and time course of adaptation (chapter 7) experiments were conducted over 
multiple sessions, therefore the order of procedures could be randomised to 
a certain extent to avoid learning effects and potential bias, for example at 
one session clear and pre-adaptation blur measures could be taken with 
post-adaptation measures at the second session, or vice versa.  Alternatively 
all defocused measures could be completed at one visit and the clear 
measures at the other.  Although participants could identify  the various 
stages of the experiment, i.e. pre- or post-blur adaptation, experimenter 
instructions simply reiterated the task in hand without any reference to any 
particular stage of the procedure, for example emphasising that measures 
were being done post-blur adaptation (where VA  improvement may be 
expected).   
 
During the adaptation period, several participants made remarks that they 
could see an improvement in clarity for themselves.  Such comments were 
acknowledged by the experimenter. However no further discussion took 
place and the experimenter did not allude back to these comments during 
the post-adaptation measurements.  If the participant did not offer any 
comment on the clarity of the TV pictures during this period, this was not 
actively sought by the experimenter. 
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 2.6.2 Participant Numbers 
The study participants were recruited from amongst the staff and students of 
the University of Bradford, and the majority were from the Bradford School of 
Optometry and Vision Science.  All individuals had undergone routine eye 
examinations in the past and were therefore familiar with the basic procedure 
of VA measurements, however all observers were naive to the other 
experimental procedures, except for one participant who had previous 
experience of electrophysiological routines.   The VEP (chapter 5) and PERG 
(chapter 6) experiments were run in conjunction therefore it was 
advantageous to recruit observers who were willing to sit for both.  Ten 
observers completed both studies.  Two observers completed only one of the 
experiments  – this was due to their availability.   Four volunteers took part in 
three or more studies, one of whom was the author.  The other three were 
recruited because of their willingness to participate and not necessarily 
because they were strong ‘blur adapters’.  It was considered beneficial to 
recruit volunteers for participation in only one experiment to avoid any effects 
of bias.  
 
In each experiment the cohort consisted of at least 10 participants.  This 
decision was based upon previous blur adaptation studies, where the study 
cohort ranged from 6 (Rajeev and Metha, 2010) to 31 (George and 
Rosenfield, 2004).  However those experiments with larger groups, also 
compared outcomes between sub-groups, predominantly based upon 
refractive error classification – emmetropes and myopes (e.g. George and  
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Rosenfield) or even emmetropes, early- and late-onset myopes (Cufflin et al., 
2007a, Cufflin et al., 2007b).   In these circumstances the sub-groups ranged 
between 6 and 18 observers.  Post hoc analysis of statistical power indicates 
that a cohort of 6 is sufficient to demonstrate evidence of the effect of blur 
adaptation.  Furthermore many electrophysiological experiments studying the 
effects of optical changes (e.g. defocus or accommodation) also tend to 
report results from small cohorts (n ≈ 3 to 13) (Sokol and Moskowitz, 1981, 
Leipert and Gottlob, 1987, Heinrich and Bach, 2001a, Harter and White, 
1968).  Therefore a cohort of approximately 10 volunteers was deemed 
appropriate. 
 
Although myopes have appeared to respond to blur adaptation more strongly 
than emmetropes, there have been few reports of a statistically significant 
difference of this finding in the studies published thus far.  Analysis of 
differences between emmetropes and myopes is considered relevant in the 
context of the variation between these groups in blur perception and its role 
in the development of refractive error.  In the present study this element was 
investigated mainly in the parafoveal experiment (chapter 3).  Less attention 
was given to it in the electrophysiological and OCT chapters (5 to 8), as 
these experiments primarily sought to identify the presence of objective 
evidence of blur adaptation, rather than compare the effect between 
refractive sub-groups.  Nonetheless, some balance between emmetropes 
(non-myopes) and myopes was maintained in all the experiments to permit 
the observation of any potential difference that could be evaluated in more  
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detail at a later stage and initial analysis of the response between refractive 
sub-groups was carried out in chapters 4 and 8, even though the sub-groups 
had less than 10 observers.    
 
 2.6.3 Accommodative State 
The objective of the experiments conducted in this study was to examine the 
effect of blur adaptation on various parameters at distance fixation.  
Pesudovs and Brennan (1993) commented that blur adaptation may occur as 
a result of a change in accommodative tonus when an individual removes 
their refractive correction, but considered this less likely than a change in 
sensitivity to spatial scale.  In certain blur adaptation studies, the authors 
have considered it appropriate to paralyse accommodation with cycloplegic 
drops (Mon-Williams et al., 1998, Wang et al., 2006, Cufflin et al., 2007b) 
due to the experimental objective, but the majority of published blur 
adaptation studies have left a natural accommodative state in their 
participants.  In the present study, accommodation was not paralysed.  
Dilation is contraindicated in both PERG and PR-VEP as it may interfere with 
the quality of the retinal image (Holder et al., 2007) (Odom et al., 2010).       
 
In order to control for any effects of accommodation at shorter working  
distances, the participant’s refractive correction was altered accordingly.  
Therefore for the electrophysiology studies (chapters 5 to 7) the blurring lens 
used was +3DS, to give 2 DS of myopic defocus.  Similarly the working 
distance for the FrACT tests CS experiment was four metres (chapter 4) and  
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a +0.25 DS correction was inserted.  
 
 2.6.4. Measurement of Pupil Size 
The decision to conduct the experiments without cycloplegia meant that  
pupil size was also uncontrolled.  The pupil acts as an aperture stop and 
variation in size affects the illuminance and focus of the image projected onto 
the retina.  A change in pupil size alters the quality of the retinal image, 
aberrations and depth of focus (Campbell, 1957, Atchison et al., 1998, Artal 
et al., 2004).  
 
The impact of pupil size has been considered in previous blur adaptation 
work.  The approach was varied: in certain studies pupil size was controlled 
with mydriatics and an artificial pupil used.  This was of particular importance 
in Cufflin et all’s (2007b) study of the effect of blur adaptation on the depth of 
focus.  In other work the pupil size was left natural, but diameter 
measurements were recorded to analyse if there was any variation during 
the study and whether there was any impact on blur adaptation. In all cases 
the results were negative, in other words pupil diameter had not altered 
during the course of the experiment and secondly there was no interaction 
with blur adaptation (Cufflin et al., 2007a, Cufflin, 2008).  Therefore in the 
present study control of pupil size was not considered a measurable 
parameter.  However the impact of a natural pupil on the results of each of 
the procedures also has to be evaluated. 
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A natural pupil was essential in the electrophysiology studies conducted.  
Salim et al (2010) raise concerns over the effect of ametropia and pupil size 
on the outcome of VEP results.  Al observers were given full refractive 
correction, but as discussed earlier dilating drops were not instilled.  During 
pilot studies for the VEP experiments, some VEP recordings were made with 
an artificial pupil, but this made no difference to the results and was not 
used.  Pupil dilation was considered for the taking of OCT images to ensure 
the best image quality and this was examined in the pilot stage of the study.  
But trial images taken on a range of volunteers aged between 20 and 55 
years were of suitable quality and sharpness to allow examination of the 
choroid without the need for dilation.  All observers selected were free from 
ocular pathology – particularly lens or media opacities which would be the 
most likely causes of reduced scan quality.  The OCT scans were performed 
in a darkened room to increase pupil size as aberrations would not impact on 
the scan.   
 
Wang et al (2004) had conducted a study of parafoveal depth of focus with 
and without cycloplegia and concluded that it had little impact on the 
outcome.  This same assumption was transferred to the parafoveal blur 
adaptation experiment.  CS measurements under defocus have been shown  
to vary with pupil size.  However as discussed earlier there is little 
predictability of the effect of pupil size on CS changes – as more individuals 
show greater differences than others.  Apkarian et al (1987) demonstrated  
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that notching and change in sensitivity of contrast thresholds under defocus 
may also be tested without pupil control. 
 
2.6.5 Levels of Adpating Defocus 
The levels of defocus used in previous blur adaptation studies have varied 
between +1 and +3 DS.  The data presented from those studies in table 1.1 
illustrate that the magnitude of VA improvement is not necessarily dependent 
upon the level of defocus imposed. In the following experiments the level of 
adapting defocus remained within this range. For the parafoveal and CS 
experiments  +1 DS of myopic defocus was used as in other psychophysical 
experiments.  In the pilot trials for the electrophysiological experiments +1DS 
of defocus was insufficient  to produce noticeable changes.   Ideally +3DS 
should have been used to remain consistent with previous work in this 
laboratory.  However in the electrophysiological studies, with correction for 
working distance, 4 DS of myopic defocus would have been required and this 
proved to be too deleterious. Therefore a +3DS lens was used, but with only 
+2DS of adapting defocus.  
 
Presently the effect of blur adaptation is being studied using myopic defocus 
only.  This is driven by the findings of animal emmetropisation work 
discussed in section 1.1.1 that myopic defocus has a more deleterious effect  
on vision than hyperopic defocus.  Radhakrishnan’s study on the effect of 
both types of defocus on human VA also presented similar findings 
(Radhakrishnan et al., 2004).  A comparison of the effects of prolonged 
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adaptation between myopic and hyperopic defocus is beyond the scope of 
this work.   
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CHAPTER 3 
Effect of Blur Adaptation on Human Parafoveal Vision 
3.1 Introduction 
The human visual system is able to compensate for optical defocus, through 
a process of neural adaptation, resulting in an improvement in visual acuity 
without a change in ocular refraction (Mon-Williams et al., 1998, Pesudovs 
and Brennan, 1993).  The introduction of defocus attenuates the high and 
medium spatial frequency content of an image.  Mon-Williams and co-
workers (1998) hypothesised that the visual system strives to recover the 
attenuated signal to improve resolution, through the retuning of spatial 
frequency processing channels.  This adaptation could be achieved by an 
increase in the gain of high-frequency selective channels coupled with a 
decrease in lower frequency selective channel gain in an attempt to restore 
the image’s pre-blur amplitude spectrum.  The recalibration is continuous, 
allowing the visual system to adapt to an ever-changing visual diet 
(Georgeson and Sullivan, 1975, Webster et al., 2002).       
 
Past studies have suggested that blur adaptation effects may be influenced 
by ametropia, with myopes displaying a greater degree of adaptation than 
emmetropes (George and Rosenfield, 2004, Cufflin et al., 2007b).  Myopes 
demonstrate an increased tolerance to blur compared to emmetropes, 
evidenced by a reduced response to blur-induced accommodation (Gwiazda 
et al., 1993, Jiang, 1997, Abbott et al., 1998) and a larger depth-of-focus  
  
104 
 
found in young adult myopes (Rosenfield and Abraham-Cohen, 1999).  
These factors indicate a possible underlying physiological difference in the 
interpretation of a blurred signal between these two refractive  groups, which 
may result from or contribute to myopia progression (Wallman and Winawer, 
2004).  Blur adaptation elevates the threshold for blur detection more 
significantly in early-onset myopes and improves low-contrast grating VA in 
myopic individuals more than in other refractive groups (Cufflin et al., 2007b, 
George and Rosenfield, 2004), but improvements in high-contrast VA are 
equivalent between myopes and emmetropes (Cufflin et al., 2007a, Cufflin et 
al., 2007b, George and Rosenfield, 2004).  
 
To date the blur adaptation effect has only been examined at the fovea.  
Resolution acuity decreases with retinal eccentricity, limited by neural 
receptor density.  In the parafoveal area,  the central 10 degrees of the 
retina, cone arrangement becomes less regular and cone diameter increases 
(Curcio et al., 1990) resulting in a reduction of VA (Ludvigh, 1941, Williams 
and Coletta, 1987) and reduced sensitivity to high spatial frequencies (De 
Valois et al., 1982).  The region remains responsive to induced defocus, 
although thresholds for both blur detection and discrimination are elevated in 
comparison to the fovea (Wang and Ciuffreda, 2005b, Wang and Ciuffreda, 
2004, Hess et al., 1989).  From a clinical perspective, study of parafoveal 
regions of the visual field in respect of responsiveness and adaptation to blur 
is timely, due to recent increases in interest in the potential role of the 
parafovea in myopia development (Smith et al., 2010).  Evidence from  
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animal models has shown that retinal image degradation away from the 
fovea could induce axial myopic progression. This has spurred on the 
development of peripheral optical modifications to traditional vision correction 
modalities (Kang and Swarbrick, 2011, Sankaridurg et al., 2010).  
Manipulation of peripheral refraction is one of a number of strategies aimed 
at reducing the rate of myopia progression in human eyes (Seo-Wei and 
Young, 2011, Sng et al., 2011).   With this in mind, further study of the 
peripheral retina from a functional perspective, and in particular its ability to 
adapt to blur, is necessary. 
 
This study investigated the blur adaptation effect in parafoveal vision to 
establish whether this process could occur in an area with a reduced spatial 
frequency range.  In light of past differences observed in the blur adaptation 
response between emmetropes and myopes, both groups were investigated. 
3.2 Methods 
3.2.1 Participants 
Twenty observers took part in the study.  The median age of the group was 
21 years (range: 19 - 39 years).  The participants were recruited according to 
refractive error groups: 10 emmetropes (median age: 21 years, range 19 – 
35 years) and 10 myopes (median age 21 years, range 20 - 39 years).  
Emmetropes were defined as those with a Spherical Equivalent Refraction 
(SER) between -0.75 and +0.75 DS and with astigmatism not exceeding 0.50 
DC (mean SER: +0.11 ± 0.39 D).  Participants with an SER worse than –0.75  
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DS were classified as myopes (mean SER: -3.21 ± 2.03 D; range: -0.78 to –
6.88 DS).   Astigmatic error in myopic participants was no greater than 0.75 
DC.  Central refractive errors were corrected with a spherical soft contact 
lens (1-Day Acuvue Moist, Johnson & Johnson Medical Ltd, UK).  The level 
of individual astigmatic error was low and as such it is not expected to 
interfere with the observer’s adaptation to induced spherical defocus 
(Sawides et al., 2010).  Acuity measurements were taken on the right eye 
only and parafoveal VA was measured in the nasal visual field, 
corresponding to the temporal retina.  All observers were free from ocular 
pathology and gave informed consent to participate in the study. 
3.2.2 Acuity Measurement 
VA was measured using the Freiburg Visual Acuity and Contrast Test 
(FrACT) version 3.5.3 (Bach, 1996).  The program employs the Best PEST 
(parameter estimation by sequential testing) algorithm (Lieberman and 
Pentland, 1982) to give fast, accurate measures of VA and has been 
validated elsewhere (Bach, 1996, Bach, 2007).   
 
The stimulus presented was a Landolt C optotype at 100% contrast, with the 
observer indicating the position of the gap within the letter C from 4 possible 
orientations.  An 8 Alternative Forced Choice (AFC) is advocated to minimise 
the guessing rate (Bach, 2007), however in a pilot study this was found to be 
too confusing for participants.  The number of stimulus presentations in one 
set of trials was 24 (Bach, 1996, Leek, 2001).  The FrACT program includes 
so-called motivational presentations of  a large optotype, which are not  
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included in the final score.  These were eliminated to keep the length of one 
trial to a minimum..  A randomised pattern appeared on-screen for 200 
milliseconds between each stimulus presentation to eliminate visual after-
effects. 
 
Hardware included a Toshiba S2410-504 laptop computer (Toshiba Europe 
GMBH) and the stimulus was displayed on a 15 inch CRT monitor (mean 
luminance 88.6 cd/m2; resolution 1024 x 768 pixels) (Chuntex Electronic Co., 
Taipei, Taiwan). 
 
Foveal VA was also measured in all three viewing conditions (clear, blur pre-
adaptation and blur post-adaptation) using a standard Early Treatment 
Diabetic Retinopathy Study (ETDRS) chart (Ferris et al., 1982) as a means 
of comparison and validation for the VA results obtained with FrACT under 
conditions of blur and blur adaptation.  VA measured with similar charts has 
been used widely in blur adaptation work (Cufflin et al., 2007b, Cufflin et al., 
2007a, Wang et al., 2006).  Monocular VA was measured at 4 metres.  The 
observer was encouraged to read each letter on the chart, starting from the 
top row and stopping when three or more letters in a row were missed 
(Falkenstein et al., 2008).  All three ETDRS charts were used in random 
order to prevent letter memorisation. 
3.2.3 Procedures 
The Landolt C optotype was presented on a CRT monitor situated 4 metres 
away from the observer’s right eye; the left eye was occluded.  To the right of  
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experiment as there is no demonstrated benefit to the measurement of 
parafoveal visual function (Wang and Ciuffreda, 2004).  Five trials were 
completed foveally and at each parafoveal eccentricity in each of the 
following viewing conditions: 
1. clear: with best corrected distance vision (at 4 m); 
2. blur – no adaptation: the observer wore a trial frame with a +1 DS full-
aperture trial lens over their best refractive error correction.  The lens was 
removed briefly after every trial to prevent adaptation to blur at this stage; 
3. blur – with adaptation: the experiment was repeated immediately following 
30 minutes’ adaptation to blur.  During this session the blur-inducing trial lens 
was not removed between trials. 
 
In the adaptation period, the observer watched a DVD film on a television 
screen at a distance of 4 metres.  During this time the observer had binocular 
vision, with both eyes blurred by +1 DS.  To avoid fatigue, the experiment 
was conducted over two sessions: clear and blur – no adaptation VA was 
measured in one session and blur-adapted VA measured in the other trial.  
Each session lasted a maximum of 90 minutes and the order of the viewing 
conditions was randomised, so that one observer could complete the blur-
adapted measures first.  The sessions were separated by a minimum of 48 
hours. 
3.2.4 Data Analysis 
Data were analysed using the expected relationship between eccentricity 
and visual acuity (Levi et al., 1984, Whitaker et al., 1992): 
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(Equation 3.1) 
where MAR0 is the minimum angle of resolution at the fovea, E is the target 
eccentricity and E2 is a parameter which determines the extent of eccentricity  
dependence of the acuity task. E2 is the eccentricity at which foveal MAR 
doubles, as evidenced by assigning E= E2 into the above formula. 
 
The effect of blur was modelled using an amended version of Equation 3.1 to 
include an added blur parameter Vblur (minutes of arc): 
ܮ݋݃ܯܣܴ ൌ  ൬൤ܯܣܴ଴ כ ൬ͳ ൅
ܧ
ܧଶ൰൨ ൅ߪ௕௟௨௥൰ 
(Equation 3.2) 
 
The extent of recovery following adaptation was evaluated using an 
amended version of the previous equations that includes a blur recovery 
parameter, Vadapt. The equation becomes:  
ܮ݋݃ܯܣܴ ൌ  ቆ ൤ܯܣܴ଴ כ ൬ͳ ൅
ܧ
ܧଶ൰൨ ൅൫ߪ௕௟௨௥ െ ߪ௔ௗ௔௣௧൯ቇ 
(Equation 3.3) 
3.3 Results 
The baseline clear data (figure 3.2, open circles) conform extremely well to 
the expected eccentricity dependence of visual acuity (r2 = 0.999) (Levi et al., 
1984, Whitaker et al., 1992).  The value of E2 for all observers is 2.545˚.   
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Equation 3.3 was fitted to the blur-adapted data (figure 3.2, black squares) 
and, as before, this curve fit contains just a single free parameter, Vadapt. 
Values for other parameters are assigned  to those found from earlier 
applications of equations 3.1 & 3.2.  Again, the quality of the fit was excellent 
(r2 = 0.994). The extent of recovery to blur through neural adaptation, 
quantified by the free parameter σadapt, was 0.682 ± 0.038 minutes of arc for 
all participants.   
 
When the equations are applied separately to emmetropes and myopes, 
once again the models fit the data very well (figure 3.3 a and b).  The value 
of E2 for the emmetropes is 2.06º, which is similar to the group E2 value, 
although in myopes it is slightly larger (3.16º).  This variance is statistically 
significant (paired t-test, t(10) = 1.0, p < .005) and reflects the poorer foveal 
MAR in the latter group.   
 
The amount of optical blur added (equation 3.2) was similar in magnitude for 
both refractive groups: 2.03 ± 0.12 and 1.90 ± 0.05 minutes of arc for 
emmetropes and myopes, respectively.  The difference between refractive 
groups in this viewing condition was not statistically significant (paired t-test, 
t(10) = 1.0, p = .65).  Likewise the blur-adapted data fitted the model well (r2 = 
0.965 for the emmetropic group and 0.991 for myopic group).  The Vadapt 
parameter did not differ greatly between emmetropes and myopes: 0.71 ± 
0.04 and 0.60 ± 0.08 minutes of arc and was not statistically significant 
(paired t-test, t(10) = 1.59, p > .57).   
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Table 3.1:  Comparison of mean foveal VA for emmetropes and myopes 
measured with an ETDRS chart and the FrACT program 
Viewing Condition 
Mean VA – ETDRS  Chart 
(log MAR ± 1 SD) 
Mean VA – FrACT 
(log MAR ± 1 SD) 
 Emmetropes Myopes Emmetropes Myopes 
Clear -0.07 ± 0.12 -0.04 ± 0.08 -0.10 ± 0.13 0.00 ± 0.10 
Blur 
pre-adaptation 
0.38 ± 0.33 0.38 ± 0.12 0.43 ± 0.25 0.45 ± 0.11 
Blur 
post-adaptation  
0.26 ± 0.19 0.26 ± 0.15 0.33 ± 0.20 0.31 ± 0.14 
 
In a comparison of FrACT VA values to ETDRS VA, the FrACT VA was 
generally lower then ETDRS VA in all three viewing conditions for all 
participants (table 3.1).  The difference in VA recorded with the two methods 
fell within ± 2 standard deviations of the mean, that is within the 95% limits of 
agreement (Bland and Altman, 1999).  Figure 3.4 shows Bland-Altman plots 
for ETDRS and FrACT clear, pre- and post-blur adaptation data respectively.  
For all viewing conditions, the Spearman rank correlation between the 
absolute difference and the mean was non-significant (clear: p = .77; blur 
pre-adapt: p - .69; blur post-adapt p = .81).     
3.4 Discussion 
3.4.1 Blur Adaptation in the Parafovea 
This is the first study to investigate parafoveal blur adaptation.  The human 
visual system is able to adapt to conditions of induced optical defocus to 
improve visual resolution in both the fovea and parafoveal area.  The mean  
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improvement in defocused foveal VA following adaptation to blur observed in 
this study is consistent with previous findings in foveal vision from this and 
other laboratories (Cufflin et al., 2007a, Cufflin et al., 2007b, Mon-Williams et 
al., 1998).  The results point to two features of blur adaptation: (i) neural 
recalibration of spatial frequency channel output occurs across a range of 
frequencies; (ii) within the central 10 degrees of the visual field, the 
adaptation process is independent of retinal location.    
 
The proposed mechanism for blur adaptation should be re-considered in light 
of these findings: does the sensitivity of lower spatial frequency channels 
decrease to unmask higher spatial frequency information?  This process may 
explain foveal adaptation, but if the VA increase were the result of an 
amplified high spatial frequency signal only, the adaptive effect would 
diminish away from the fovea, where peak spatial frequency sensitivity is 
reduced and the range of detectable spatial frequencies is lower compared  
to the fovea (Sharpe and Tolhurst, 1973).   Previous studies analysing the 
effects of blur adaptation on the contrast sensitivity function and on grating 
acuity have produced conflicting results (Rajeev and Metha, 2010, George 
and Rosenfield, 2004, Mon-Williams et al., 1998).  The results indicate that a 
wider range of channels is involved in the recalibration process, suggesting 
that the mechanism may be independent of specific spatial frequencies.   
 
Blur adaptation alters the quality of the percept by retuning spatial frequency 
channels to preserve the overall spatial structure of the image (Webster et 
al., 2002).  This is a requirement of processing across the entire visual field, 
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albeit within the resolution limitations of each retinal zone.  Hence the 
activation of a process to compensate for imposed defocus will occur at both 
central and peripheral retinal locations - an effect that has been 
demonstrated with other perceptual adaptations, such as contrast constancy 
and orientation selectivity (Georgeson and Sullivan, 1975, Sharpe and 
Tolhurst, 1973).  The absence of high frequency resolving capability renders 
the parafoveal image blurry under normal viewing conditions.   This study 
has shown that the parafovea is sensitive to additional optical defocus and 
has the ability to actively adapt and partially recover resolution in a similar 
manner to the fovea.  Furthermore the application of our model using the E2 
parameter demonstrates that the level of adaptation remains equal across 
the entire parafoveal zone.  In the context of the debate about the role of 
both central and peripheral blur in myopia progression, this finding raises a 
question that may merit future investigation: is there an interaction between 
the function of blur as a stimulus to growth and as a stimulus for neural 
adaptation?  It would seem that refractively stable myopes attempt to adapt 
in response to a blurred signal, however for progressing myopes the defocus 
could be interpreted as a signal for neural adaptation or for retinal growth.  
These questions can only be evaluated with the involvement of such 
individuals.      
3.4.2 Effect of Ametropia on Foveal and Parafoveal Acuity 
In this study emmetropic and myopic VA at the fovea and in the parafoveal 
region were compared under clear, blurred and blur-adapted viewing  
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conditions.  The unblurred data for all observers correspond well with that 
from previous studies and the value for E2 is consistent with values found 
elsewhere in the literature (Weymouth, 1958, Jacobs, 1979, Toet and Levi, 
1992). 
 
There was a difference of 0.10 log MAR in baseline foveal VA between 
emmetropes and myopes measured with FrACT.  Some disparity between 
emmetropic and myopic VA levels may be expected (Atchison et al., 2006b, 
Strang et al., 1998), but the method of VA measurement could have also 
contributed to the variance.  With the ETDRS chart foveal VA was higher in 
the emmetropic participants, but the inter-group difference was only 0.03 log 
MAR.  These results (figure 3.4) support previous validations of the FrACT 
program with the ETDRS chart (Bach, 2007, Loumann Knudsen, 2003, 
Schulze-Bonsel et al., 2006). However the two methods are not directly 
comparable and differences in the testing paradigm, threshold calculation, 
task familiarity and examiner-dependence are significant factors that could 
explain higher ETDRS VA scores (table 3.1).  Interestingly, under blurred 
and blur-adapted conditions the FrACT scores were not as disparate 
between the refractive groups as under optimal viewing conditions, and show 
reasonable agreement with the ETDRS results, suggesting perhaps that this 
program is more suited to evaluation of VA in conditions of reduced vision 
(Schulze-Bonsel et al., 2006).  
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In contrast to other studies (Rosenfield and Abraham-Cohen, 1999, Thorn et 
al., 1998) no difference was found between myopes and emmetropes in the 
level of sensitivity to induced blur.  In myopes the change between blurred 
and unblurred VA is smaller than in emmetropes, but this is more attributable 
to their poorer level of unblurred foveal VA, than to other factors such as an 
enhanced depth of focus or increased aberrations.  In the emmetropic 
participants the pre-adaptation blurred VA was less consistent with the model 
than for the myopes (figure 3.3).    Changes in parafoveal astigmatic blur are 
as low as 0.28 D (Millodot, 1981, Davies and Mallen, 2009)  and it is 
therefore more likely that the variable appearance of the emmetropes’ data 
represents inter-subject variance rather than refractive changes of the near 
retinal periphery.  Nevertheless when defocus was introduced the VA scores 
were similar for both emmetropes and myopes and their respective Vblur 
values indicate that parafoveal blur sensitivity thresholds are comparable in 
emmetropes and myopes.  
 
Neural adaptation to blur shows similar improvements in VA under defocus in 
both myopes and emmetropes in the parafovea, as it does at the fovea.  
These results demonstrate that the underlying neural recalibration process is 
active across spatial frequency channels and that the magnitude of 
adaptation is not dependent upon retinal location. 
 
(This chapter was published in the journal Investigative Ophthlamology and 
Visual Science 2012; volume 53, issue 3, pages 1145 – 50.) 
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CHAPTER 4 
Contrast Sensitivity Function and Blur Adaptation 
4.1 Introduction 
The contrast sensitivity function (CSF) describes the contrast detection 
threshold of a spatial pattern across the visible range of spatial frequencies 
(de Valois and de Valois, 1990).   The measure is complex, combining both 
spatial and luminance sensitivity.  In clinical terms CSF complements visual 
field and VA information to describe visual function and assist in the 
detection of ocular pathology (Elliott and Situ, 1998, Arditi, 2005).  Many 
studies have also examined the effect of contrast adaptation on visual 
function (Blakemore and Campbell, 1969, Heinrich and Bach, 2001b, De 
Valois et al., 1982, Diether et al., 2001).  By this mechanism sensitivity is 
altered depending upon the contrast levels of the incoming signal: if contrast 
is high, sensitivity may be reduced and it is enhanced if the input is of low 
contrast.  The adaptive effect is spatially selective and is a property of both 
retinal and cortical processing (Blakemore and Campbell, 1969, Heinrich and 
Bach, 2001b).  Additionally the cortical process of contrast constancy 
maintains contrast of high spatial frequencies through neural recalibration to 
overcome the limitations of visual sensitivity at threshold.  Contrast 
constancy is considered to be independent of the CSF (Georgeson and 
Sullivan, 1975).   
 
The evaluation of the effect of blur adaptation on contrast sensitivity (CS) has  
  
121 
 
produced varied results.  Mon-Williams et al (1998) reported that blur 
adaptation decreased the sensitivity to mid-range spatial frequencies 
between 5 and 25 cpd, whereas both Webster (1999) and Rajeev and Metha 
(2010) found that the sensitivity decrease occurred at low spatial frequencies 
(0.5 to 4 cpd).  Rajeev and Metha (2010) also reported that, with blur 
adaptation, sensitivity to gratings of 16 cpd was enhanced.  Similarly George 
and Rosenfield (2004) proposed that an improvement in grating acuity in 
myopes at contrast levels between 2.5 and 16% was indicative of a selective 
enhancement of spatial sensitivity between 10 and 20 cpd following blur 
adaptation.  This was in agreement with the findings of Thorn et al (1998) 
that myopes demonstrated better contrast sensitivity under conditions of 
defocus compared to emmetropes, particularly at higher spatial frequencies 
(24 cpd). 
 
The variability of results is attributable in some part to differences in the 
methodologies employed in these studies based upon the choice of stimulus 
presentation: grating detection or grating orientation discrimination; the level 
of induced defocus and adaptation time.  This also reflects the varied range 
of approaches to the study of CSF.  Furthermore the outcomes were also 
subject to individual variability – dependent on both tolerance to blur and 
aptitude for adaptation (Vera-Diaz et al., 2010) and baseline contrast 
sensitivity, which despite good VA was likely to be variable between 
individuals (Elliott and Situ, 1998). 
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Contrast sensitivity is most commonly measured using sinusoidal gratings or 
optotypes.  Historically CS was measured with gratings, sampling the 
contrast detection threshold across a range of spatial frequencies.  
Investigators considered this to be an appropriate representation of the 
spatial frequency channels of the visual system (Pelli et al., 1988, Owsley, 
2003).  However these protocols may require extensive testing times and 
some of the tests demonstrate poor test-retest reliability (Owsley, 2003, 
Pesudovs et al., 2004).  CS tests using letters overcome these drawbacks.  
These tests concentrate on medium and low spatial frequencies as a 
traditional VA score already provides information about the high spatial 
frequencies CSF.  The Pelli-Robson chart is probably the most widely used 
such test, assessing sensitivity within the spatial range considered to be the 
peak of the CSF (2 – 5 cpd) (Pelli et al., 1988, Owsley, 2003).  The spatial 
frequency of a letter may be defined by its stroke width or cycles per letter 
width, most commonly calculated as approximately 2 cycles per letter width 
(Elliott and Situ, 1998, Majaj et al., 2002, McAnany et al., 2011, Akutsu et al., 
2000).   
 
The introduction of blur limits an observer’s spatial range as high spatial 
frequencies become difficult to resolve, leaving the observer reliant on low 
and medium frequencies.  Mon-Williams and colleagues (1998) proposed a 
hypothesis that the decrease of sensitivity in the medium spatial frequencies 
without effect on low and high spatial frequencies was central to the blur 
adaptation mechanism.  But evidence of improved VA in the parafovea under  
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conditions of blur adaptation suggests that the sensitivity of these channels 
may not be selectively decreased by blur adaptation, and that blur adaptation 
has a more broadband effect (Mankowska et al., 2012). 
 
In view of the fact that defocus limits spatial frequency sensitivity to the lower 
and middle range, it is appropriate to examine the effect of blur adaptation on 
this range of frequencies.  High spatial frequency information is less readily 
available under defocused conditions and the impact on this can be 
successfully measured by high contrast VA charts.  In the previous blur 
adaptation studies (Mon-Williams et al., 1998, Thorn et al., 1998, Webster, 
1999, Rajeev and Metha, 2010) CS measurements were made under various 
viewing conditions – some with defocus and others with defocus removed, 
thus making direct comparison difficult.  Taking post-adaptation measures 
with the defocus removed considers the after-effect of blur adaptation rather 
than the effect of the adaptive process on the parameter in question.     
 
Therefore this study considered the effect of myopic defocus and an 
adaptation period on the contrast sensitivity function – analysing the post-
adaptive changes that occur with defocus still in place.  Two methods of 
letter CS testing were used in the evaluation to provide the range of spatial 
frequencies that have been tested in previous blur adaptation studies.  The 
effect of defocus and blur adaptation was expected to decrease with the 
lower spatial frequencies, however this range was included to evaluate the 
effect of the testing conditions.    The aim of the study was to determine the 
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 robustness of the effect; the reliability of each test and to evaluate the 
disparity of findings between test protocols.  
 
4.2 Methods 
4.2.1 Participants 
Twelve participants from the staff and students of the University of Bradford 
gave informed consent to participate in the study.  The cohort included 5 
emmetropes and 7 myopes.  Details of age, refractive error and refractive 
range are presented in table 4.1. 
 
All participants were free of ocular pathology.  Refractive errors were 
corrected with full aperture trial lenses worn in a trial frame.  Best corrected 
distance VA was at least 0.00 log MAR.  The tests were completed in clear 
viewing conditions, with optimal refractive correction, and with 1 DS of 
induced myopic defocus pre- and post-adaptation.  For the pre-adaptation 
blurred measurements, the defocusing lens was removed between trials to 
prevent premature adaptation.  Post-blur-adaptation measurements were 
taken after a 30-minute period during which the participant watched a DVD 
film broadcast on a TV screen at a distance of 4 metres with defocus 
induced, which is a common adaptation period . 
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Table 4.1: Participant data 
Refractive 
Group 
Median age  
(years) Range (years) 
Right eye SER  
(D ± 1 SD) Range (D) 
Emmetropes 21 18 – 22 +0.45 ± 0.29 0.00 to +0.75 
Myopes 24 20 – 46 -3.72  ± 2.61 -8.88 to -1.13 
All  21.5 18 – 46 -1.98 ± 2.89 -8.88 to +0.75 
 
All CS and VA measures were performed on the right eye only with the left 
eye occluded.  The film was viewed binocularly during the adaptation period 
with both eyes defocused by +1 DS.  As the CS tests were being used for the 
first time, a repeatability analysis was conducted.  Therefore each participant 
completed the both tests (FrACT CS, Test Chart 2000 CS and ETDRS VA) 
on 2 separate occasions scheduled at least 24 hours apart.  One session 
lasted a maximum of 2 hours and the order of tests was randomised during 
each session. 
4.2.2 Letter Stroke Frequency 
The stroke frequency of a letter is defined by the number of lines crossed at 
a horizontal or vertical cross-section of the letter.  An average frequency for 
the given alphabet is used, based on the number of strokes per letter.  This 
is converted to strokes per degree - in other words cycles per degree – by 
dividing the stroke frequency by the letter width (Majaj et al., 2002).  The 
average stroke frequency for the Test Chart 2000 CS Test letters is 1.6 
(Majaj et al., 2002) and 1.3 for the Landolt C used in the FrACT CS Test 
(Bondarko and Danilova, 1997). 
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4.2.3 Contrast Sensitivity Measurement 
4.2.3.1 Test Chart 2000 Contrast Sensitivity Test 
The Test Chart 2000 CS Test (Thomson Software Solutions, Hatfield, 
Hertfordshire, U.K.) presented triplets of British Standard optotypes of 
decreasing contrast ranging from 100% to 0.6% (as stated in the software 
guide).  The letters within each triplet were of the same contrast level, 
decreasing by 0.15 log units for successive triplets.  Eight trials using 
different letter sizes were conducted to test a range of object frequencies.  
The program was set for a testing distance of 4 metres, however the 
observer sat 6 metres away from the monitor.  Using Bailey-Lovie principles 
for adjustment of testing distance, (Bailey and Lovie, 1976) the letter size 
was reduced by a factor of 0.3 log MAR and the range of object frequencies 
(cpd) sampled was modified accordingly (see table 4.2).  
Table 4.2: Range of Test Chart 2000 CS optotypes sampled  
Optotype size at 
4m  
(log MAR) 
Optotype size at 
6m  
(log MAR) 
Sampling object 
frequency 
(cpd) 
0.4 0.1 24.0 
0.5 0.2 19.0 
0.6 0.3 15.0 
0.7 0.4 12.0 
0.8 0.5 9.5 
0.9 0.6 7.5 
1.0 0.7 6.0 
1.2 0.9 3.8 
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The observer read the letters aloud.  A score of 0.05 log units was attributed 
to each letter identified correctly.  The observer progressed to the next 
contrast level if two letters in each triplet were identified correctly.  The letters 
were randomised for each trial to eliminate memorisation. 
4.2.3.2 FrACT Contrast Sensitivity Test 
The FrACT (Bach, 1996) CS test presented a Landolt C optotype at varying 
contrast levels.  The observer indicated the position of the gap in the Landolt 
C from a choice of four orientations.  Contrast levels were altered by the Best  
PEST procedure based upon the correctness of the previous response.  24 
presentations were made within each trial to determine the contrast threshold 
for the given stimulus size.  Motivational stimulus presentations with a large 
optotype were eliminated.  The test was repeated with eleven different stimuli 
sizes at a testing distance of 4 metres (table 4.3). 
 
The test programs were presented on a Sony SDM-P234 23” widescreen 
LCD monitor (Sony Europe Limited, Weybridge, Sussex, U.K.) with a 
resolution of 1920 x 1200 pixels.  FrACT mean luminance was 82 cd/m2; 
Test Chart 2000 CS optotype mean luminance was 130 cd/m2.  Mean 
background illuminance in the testing room was 508 lux. 
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Table 4.3: Range of FrACT Landolt C 
optotypes sampled 
Landolt C 
diameter at 4m  
(arc minutes) 
Sampling object 
frequency 
(cpd) 
10 7.80 
20 3.90 
30 2.60 
40 1.95 
50 1.56 
60 1.30 
80 0.98 
100 0.78 
150 0.52 
200 0.39 
250 0.31 
 
For both programs, the data was collected as the percentage contrast value 
– the Weber contrast, defined as: 
ܮ௕௔௖௞ െ ܮ௖௛௔௥
ܮ௕௔௖௞  
Equation 4.1 
 
where  ܮ௖௛௔௥ is the luminance of the character and ܮ௕௔௖௞ is the luminance 
background. 
4.2.4 Visual Acuity Measurement 
VA was also measured at each visit under the three viewing conditions as a 
control of successful blur adaptation and as a measure of the effect of blur  
  
129 
 
adaptation on high contrast stimuli.  Monocular VA was measured on the 
Early Treatment Diabetic Retinopathy Study (ETDRS) chart at a testing 
distance of 4m (Ferris et al., 1982). 
4.2.5 Data Analysis 
Data were analysed with repeated measures ANOVA, performed in SPSS 
software (v. 19.0) (IBM Corporation, New York, U.S.A.).  
4.3 Results 
Post-blur adaptation improvement in high-contrast VA was observed in nine 
of the thirteen participants for both visits.  The mean VA decrease in VA with 
the introduction of +1 DS defocus was 0.32 log MAR ± 0.18 for all 
participants, increasing by -0.06 log MAR ± 0.09 with adaptation.  The 
change in VA before and after blur adaptation was statistically significant: F 
(1,48) = 94.13; p<.01 (repeated measures ANOVA).  The correlation between 
VA changes with the introduction of defocus and following blur adaptation 
was relatively poor: it did not follow that if a participant had a large decrease 
in VA with the introduction of blur, that the adaptation period would instigate 
a large increase in VA (R2 = 0.35). For example: VA reduced in one 
emmetrope by 0.56 log MAR with the introduction of blur, but the post-blur 
improvement was 0.08 log MAR, whereas another emmetrope recovered by 
0.18 log MAR with adaptation having experienced a pre-adaptation reduction 
of 0.20.   The most successful adaptation was demonstrated by some of the 
myopic participants, exemplified by one who gained 0.28 log MAR post-blur- 
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adaptation following a reduction of 0.36 log MAR when defocus was 
introduced (see figure 4.1b).  The level of VA improvement following blur 
adaptation was also different at the two visits.   The overall group mean VA 
scores are presented in table 4.4, whilst the individual changes in VA under 
blurred conditions before and after adaptation are presented in figure 4.1 
Table 4.4 Group mean high-contrast VA ± 1 SD (visits 1 & 2) 
Clear Blur Pre-Adapt Blur Post-Adapt 
Emmetropes -0.11 ± 0.10 0.30 ± 0.27 0.26 ± 0.27 
Myopes  0.01 ± 0.08 0.26 ± 0.10 0.17 ± 0.09 
Group  -0.05 ± 0.10 0.28 ± 0.27 0.21 ± 0.27 
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Figure 4.1: Change in individual high-contrast EDTRS VA pre– and post-
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Of the thirteen participants two were excluded from further analysis.  One 
myope demonstrated blur adaptation with VA, but their contrast threshold 
was unaffected by both the introduction of defocus and the adaptation 
period.  This pattern was consistent across both CS test programs.  Another 
emmetropic participant did not produce a positive result with VA and their CS 
results were unreliable: with FrACT there was no demonstrated change in 
contrast threshold for the larger stroke frequencies pre- or post-blur-
adaptation, but large increases in threshold were noted for the lowest stroke 
frequencies (0.31 to 0.78 cpd) when defocus was introduced.  Therefore the 
remaining analysis was based upon eleven participants. 
 
The effect of blur and blur adaptation on contrast threshold was variable 
across the range of object frequencies sampled.  When defocus was 
introduced, contrast thresholds increased, but the magnitude of change 
varied significantly with object frequency (p < .001 for both programs).  
Smaller differences in contrast threshold were seen at lower object 
frequencies.  The range of individual changes also varied with object 
frequency, and the range became larger as object frequency increased.  At 
the lowest object frequencies tested with the FrACT program (0.31 to 0.52 
cpd) the contrast measurements increased by less than 1% (table 4.5).  For 
object frequencies up to 4 cpd, the threshold increase remained below 10%, 
with the exception of the 3.90 cpd stimulus, where the mean increase was 
27%.  For the object frequencies sampled with Test Chart 2000, contrast 
threshold increases were small at lower object frequencies and increased  
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with the letter size became smaller (table 4.6). The increase in contrast 
threshold under pre-adaptation defocused conditions correlated well with the 
decrease in VA in the same conditions (FrACT: R2 = 0.78; p < .01; Test 
Chart 2000: R2 = 0.53; p = .01), but those as with VA changes discussed 
earlier, those who experienced large decreases in VA under defocus, did not 
necessarily experience contrast threshold increases of similar magnitude.   
The mean of individual observer changes and range for each object 
frequency in both programs are summarised in tables 4.5 and 4.6 and in 
figures 4.2 and 4.3. 
 
  
Table 4.5: Mean, SD and range of individual threshold changes between clear and 
blurred (pre-adapt.) conditions for the FrACT CS test 
cpd 0.31 0.39 0.52 0.78 0.98 1.30 1.56 1.95 2.60 3.90 7.80 
Mean 
(%) 0.72 0.68 1.14 1.46 1.88 2.43 3.33 5.26 8.37 26.86 55.21 
SD 0.84 0.71 0.72 1.04 1.08 1.41 2.27 3.46 7.28 26.09 27.79 
Range 
(%) 
-0.5 
to 
2.7 
-0.9 
to 
2.1 
-0.26 
to 
2.7 
0.17 
to 
4.4 
0.3 
to 
4.5 
0.8 
to 
5.5 
0.8 
to 
9.6 
0.7 
to 
12.5 
0.1 
to 
24.6 
2.1 to 
96 
8.1 to 
93 
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Figure 4.2: Individual changes in contrast threshold between clear and 
blurred (pre-adaptation) viewing conditions for the FrACT CS test 
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Following the blur adaptation period, the change in contrast threshold 
became less consistent.  For both protocols the group mean represented an 
overall decrease in threshold at all object frequencies, however there was 
much inter-subject variability, with some individuals showing no change in 
threshold and others demonstrating a further increase with adaptation (tables  
  
Table 4.6: Mean, SD and range of individual threshold changes between 
clear and blurred (pre-adapt.) conditions for the Test Chart 2000 CS test 
Cpd 3.8 6.0 7.5 9.5 12.0 15.0 19.0 24.0 
Mean (%) 2.76 4.31 4.56 8.09 12.73 17.20 33.60 47.24 
SD 1.97 2.55 2.76 6.58 12.80 16.56 26.50 24.96 
Range (%) 0 to 6.4 
0 to 
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Figure 4.3: Individual changes in contrast threshold between clear and blurred 
(pre-adaptation) viewing conditions for the Test Chart 2000 CS test 
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4.7 and 4.8).  For Test Chart 2000, the magnitude of threshold change grew 
with stroke frequency, whereas with the FrACT program the largest threshold 
decrease was seen at  3.90 cpd (-3.97%).  The change in threshold following 
adaptation varied significantly with object frequency for Test Chart 2000 
(repeated measures ANOVA: F (7, 168) = 4.89; p < .001), but not for FrACT 
(repeated measures ANOVA: F (10, 231) = 0.247; p = .991).    Here the mean 
change in thresholds was less than 1% in most cases.  Post-blur-adaptation 
contrast thresholds were not strongly correlated with post-adaptation VA 
improvements: for FrACT R2 = 0.11; p = .30 and for Test Chart 2000 R2 = 
0.03; p = .6.  The mean of the individual changes and ranges for both 
protocols are summarised in tables 4.7 and 4.8 and figures 4.4 and 4.5. 
 
 
 
  
Figure 4.5: Individual changes in contrast threshold between pre– and post-
adaptation blurred conditions for the Test Chart 2000 CS test 
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Table 4.7: Mean, SD and range of individual threshold changes between pre- and post-
adaptation blurred conditions for the FrACT CS test 
cpd 0.31 0.39 0.52 0.78 0.98 1.30 1.56 1.95 2.60 3.90 7.80 
Mean (%) -0.22 -0.23 -0.47 -0.78 -0.45 -0.7 -1.15 -1.99 -2.69 -3.97 -0.45 
SD 0.84 0.73 0.76 1.05 1.23 1.58 1.94 4.25 6.01 25.10 26.90 
Range (%) 
-1.7 
to 
1.03 
-1.85 
to 1 
-2.3 
to 
0.9 
-3.2 
to 
0.7 
-2.8 
to 
2.04 
-3.6 
to 
2.43 
-6.4 
to 
1.3 
-9.54 
to 
5.6 
-18 
to 
5.5 
-51 
to 
56.8 
-50.2 
to 69 
Table 4.8: Mean, SD and range of individual threshold changes between 
pre- and post-adaptation blurred conditions for the Test Chart 2000 CS 
test 
cpd 3.8 6.0 7.5 9.5 12.0 15.0 19.0 24.0 
Mean (%) -1.00 -1.41 -1.81 -3.43 -5.12 -3.59 -9.89 -15.50 
SD 1.25 1.55 1.53 4.60 7.64 9.48 10.20 25.06 
Range (%) -3.5 to 0.7 
-4.9 
to 0.8 
-5.5 
to 1.0 
-19.6 
to 0 
-31.5 
to 3.1 
-29 to 
16.5 
-29 to 
6.9 
-75 to 
29.3 
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Figure 4.4: Individual changes in contrast threshold between pre– and post-
adaptation blurred conditions for the FrACT CS test 
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The contrast threshold changes did not differ between refractive groups.  For 
both protocols the refractive error status did not have a significant effect on 
the outcomes of blur adaptation: for Test Chart 2000 p = .148 and FrACT p = 
.628.   
 
In general terms the introduction of blur caused an overall reduction in 
contrast sensitivity.  Following a period of adaptation to the blurred 
conditions, a small gain in sensitivity was measured for both test protocols  
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Figure 4.6: Log CS in clear and pre– and post-adaptation blurred viewing 
conditions observed with the Test Chart 2000 and FrACT CS tests 
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(figure 4.6).  The overall effect of blur and blur adaptation on contrast 
sensitivity was statistically significant measured for both Test Chart 2000 
(repeated measures ANOVA: F (2, 14) = 159.44; p < .001) and with FrACT 
(repeated measures ANOVA: F (2, 20) = 30.95; p < .001).  Post hoc analysis 
revealed that there were significant changes in sensitivity both pre- and post-
adaptation (p < .005).  Of the two protocols, Test Chart 2000 demonstrated a 
greater sensitivity to change of viewing condition than FrACT: the mean 
decrease of sensitivity with the introduction of defocus was 0.56 log units 
compared to 0.35 with FrACT and the post-adaptation mean CS with Test 
Chart 2000 improved by 0.13 log units compared to 0.07 with FrACT. 
 
 
 
 
 
 
 
 
 
 
 
 
Under conditions of defocus pre- and post-adaptation, the measures of 
contrast sensitivity displayed local depressions of sensitivity, that are  
  
0
0.2
0.4
0.6
0.8
1
1.2
0 5 10 15 20 25 30
lo
g
 C
S
Object frequency (cpd)
Visit 1 Visit 2
Figure 4.7: Localised loss of contrast sensitivity under 
blurred pre-adaptation viewing conditions   
(using  Test Chart 2000 CS test) 
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characteristic of the effect of defocus on CS.  Although these oscillations 
were small and probably cannot be described as classic ‘CS notches’ 
(Apkarian et al., 1987), they appear to conform with the pattern of variability 
in spatial frequency sensitivity under defocus.  Examination of individual data 
revealed much inter-subject variation and inconsistent presentation of 
notches, although for one myopic participant, a fall in sensitivity occurred 
consistently with Test Chart 2000 at 12 cpd at both visits (figure 4.7). 
 
In general terms, both programs showed good repeatability at all viewing 
conditions between visits.  Their respective Bland-Altman plots indicate that 
values of the difference between visits fell within ± 2 standard deviations of 
the mean of the visits (figure 4.8).  A comparative analysis of the two 
programs indicated that their results were not interchangeable.  Contrast 
threshold values were generally higher for FrACT than for Test Chart 2000 
and this can be seen in the Bland Altman plots (figure 4.9).    
 
 Under normal viewing conditions 4 of the 11 values were lower than - 2 SD 
of the mean of the protocols (figure 4.9a).  With blurred and blur-adapted 
conditions (figures 4.9 b and c) the majority of the difference values could not 
be contained within ± 2 SD of the mean of the 2 protocols.  
 
  
139 
 
 
 
 
  
-5
-4
-3
-2
-1
0
1
2
3
4
5
0 2 4 6 8 10 12 14
Di
ffe
re
nc
e i
n 
co
nt
ra
st
 th
re
sh
ol
d 
Vi
si
t 1
 -
2 
(%
)
Mean Contrast Threshold Test Chart 2000 Visits 1 & 2 (%)  
Mean
Mean + 
2SD
Mean -
2SD
Test Chart 2000—Clear  (15.00 cpd) 
-2
-1
-1
0
1
1
1.45 1.65 1.85 2.05 2.25 2.45
Di
ffe
re
nc
e i
n 
co
nt
ra
st
 th
re
sh
ol
d 
Vi
si
t 1
 -2
 
(%
)
Mean Contrast Threshold FrACT Visits 1 & 2 (%)  
Mean
Mean + 
2SD
Mean 
- 2SD
FrACT—Clear  (1.95 cpd) 
Figure 4.6: Bland-Altman plots for repeated visits using the 
Test Chart 2000 and FrACT CS tests  
140 
 
  
-30
-20
-10
0
10
20
0 5 10 15 20 25
D
if
fe
re
n
ce
 in
 c
o
n
tr
as
t t
h
re
sh
o
ld
 
P
R
 -
F
rA
C
T
 (%
)
Mean Contrast Threshold Test Chart 2000 & FrACT (%)
Mean
Mean 
+ 2SD
Mean 
- 2SD
Clear 
-100
-80
-60
-40
-20
0
20
40
60
80
10 20 30 40 50 60 70 80
D
iff
er
en
ce
 in
 c
on
tr
as
t t
hr
es
ho
ld
 P
R
 
-F
rA
C
T 
(%
)
Mean Contrast Threshold Test Chart 2000 & FrACT (%)  
Mean
Mean + 
2SD
Mean -
2SD
Blur Pre-Adapt 
-100
-80
-60
-40
-20
0
20
40
60
20 30 40 50 60 70
D
iff
er
en
ce
 in
 c
on
tr
as
t t
hr
es
ho
ld
 P
R
 
-F
rA
C
T 
(%
)
Mean Contrast Threshold Test Chart 2000 & FrACT (%)  
Mean
Mean 
+ 2SD
Mean 
- 2SD
Blur Post-Adapt 
Figure 4.9: Bland-Altman plots for each clear and blurred conditions comparing 
Test Chart 2000 (15 cpd) & FrACT (7.8 cpd) contrast thresholds 
141 
 
4.4 Discussion 
Spherical myopic defocus reduced contrast sensitivity at the object 
frequencies sampled in this study and following a period of blur adaptation a 
small improvement was observed.  The magnitude of these changes varied 
with object frequency and was highly variable between the cohort of 
observers.  Contrast sensitivity changes at low object frequencies were at 
best minimal compared to those at medium frequencies. 
 
The present results reflect the findings of Rajeev and Metha (2010) who 
reported that the contrast sensitivity of medium spatial frequencies between 
8 and 12 cpd was enhanced by blur adaptation.  They also reported that CS 
at low spatial frequencies was said to decrease following blur adaptation, 
whereas this study has shown an improvement that with adaptation a very 
slight improvement may be seen.  However the current results do not agree 
with those of Mon-Williams et al (1998), who reported that CS decreased in 
the mid-range of spatial frequencies between 5 and 25 cpd.   
 
It is however, difficult to acknowledge that these results may be compared 
directly to previous studies due to the difference in protocol and particularly 
the use of letters instead of gratings.  The advantage of using letters in CS 
testing is task familiarity (Pelli et al., 1988),  which is beneficial for naive 
observers who are familiar with basic VA measurement procedures.   But 
using letters to measure CS may limit the spatial range being evaluated.  
Majaj et al (2002) proposed that observers use the same spatial channel to  
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identify letters containing a specific stroke frequency even if those letters 
vary in size.  Therefore even though the optotypes used in this task were of 
varying angular subtense, their stroke frequency was the same and it is this 
and not the spatial size of the letters that determined the spatial channel 
selected by the visual system.   
 
However Majaj and co-workers suggest further that the same channel 
continues to be stimulated, even if the target is masked by filters, such as 
defocus.  Thus an improvement in contrast sensitivity after a period of 
exposure to defocus would indicate that the observer has adapted to defocus 
and that the gain of the spatial channel has improved.  Although the results 
of this experiment do not allow a definitive conclusion, but they suggest that 
perhaps the effect of blur adaptation on contrast sensitivity may be 
broadband in nature rather than spatially selective.  Letters are considered to 
be a combination of a number of spatial frequencies and, depending upon its 
size, observers use different spatial characteristics to identify the letter 
(McAnany et al., 2011).  The same identification strategies will be applied 
under defocused conditions thus the observer continues to use all available 
spatial detail rather than selective spatial frequencies.  This would also 
suggest that, this process of adaptation differs from contrast adaptation 
where sensitivity is reduced or enhanced at specific spatial frequencies.  It is 
also distinct from the contrast constancy mechanism, which compensates for 
variations in contrast threshold that may occur with spatial frequency in order 
to maintain a perceptive constant of contrast sensitivity under different  
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viewing conditions (Georgeson and Sullivan, 1975, Webster et al., 2002). 
Perhaps if a further analysis of the effect of blur adaptation on the CSF were 
conducted it may be beneficial to use a combination of CS targets: a letter-
based chart to identify those who show improvements in CS with blur 
adaptation followed by an analysis of the CSF under blur adaptation using 
gratings.   
 
The changes in CS under defocus produced little evidence of the 
characteristic CS notches in this experiment.  The loss of sensitivity with 
defocus is less apparent with myopic defocus (Atchison et al., 1997, Strang 
et al., 1999).  Moreover the use of letters with broadband spatial properties 
rather than spatially-selective gratings could have masked the effect further.  
The presence of notches in individual CSFs is variable and this is true of this 
cohort of observers as there was only one participant demonstrated a 
repeated loss of sensitivity in the same spatial range on the Test Chart 2000 
program at both visits.   
 
This experiment has highlighted the high level of inter-subject variability in 
response to defocused conditions.  The high-contrast VA scores 
demonstrated that the magnitude of blur adaptation varies amongst 
individuals and that some do not notice any improvement.  The range of  
contrast threshold scores post-blur adaptation also illustrates that for some 
people extended periods of defocus can have a deleterious effect.  Any  
correlation between VA and contrast threshold changes is limited: there was  
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a stronger association between the scores for both VA and contrast with the 
introduction of defocus than after blur adaptation.  This is to be expected as 
the effects of defocus are well known.  However the magnitude of VA change 
in an individual was a poor predictor of contrast threshold change: large 
decreases in VA were not necessarily matched by large increases in contrast 
threshold and vice versa.  The capability to predict good tolerance to blur and 
robust blur adaptation in an individual could be advantageous to some 
clinical practice, for example selection of patients for multifocal contact 
lenses or even implants.  But these results indicate that reliable predictive 
tests may prove difficult to establish. 
 
The Bland-Altman plots for each CS program suggest that both are reliable 
and repeatable.  The Test Chart 2000 program was evaluated previously by 
Thayaparan et al (2007), who found that there were some repeatability 
issues.  This does not appear to be the case in the present study, even when 
the program was used under conditions of defocus.   
 
However a comparison of the two programs showed that the FrACT program   
generally produced lower contrast threshold scores within the same range of 
stroke frequencies as Test Chart 2000 under defocused conditions thus 
giving the impression that the change in contrast threshold was greater.  This 
supports the findings in an earlier study where FrACT was compared to a 
traditional Pelli Robson CS chart (Bühren et al., 2006).  Furthermore it was 
not as sensitive to changes with blur adaptation and gave the impression that  
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CS changed less with adaptation, which perhaps limits the utility of this 
program in detecting subtle changes in CS.   
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CHAPTER 5 
An Evaluation of Blur Adaptation with Pattern-Reversal Evoked 
Potentials 
5.1 Introduction 
Pattern-reversal visually evoked potentials (PR-VEP) provide a quantitative 
assessment of visual function under normal conditions (Sokol, 1978, 
Campbell and Maffei, 1970) and in the presence of visual pathway 
dysfunction (Halliday et al., 1972).  PR-VEP is a complex response 
representing cortical activity to a visual stimulus.  With the aid of brain 
mapping techniques, such as magnetoencephalography (MEG) or equivalent 
current dipoles (ECD) and more recently functional Magnetic Resonance 
Imaging (fMRI), it has been possible to specify the cortical origin of earlier 
components of the VEP (N75 and P100), although others remain as yet 
unassigned (Tobimatsu and Celesia, 2006, Di Russo et al., 2005).  Definitive 
VEP source localisation is a perpetual task, as knowledge of retinoptic 
organisation within the visual cortex continues to evolve.  Each VEP 
response component may display different behaviours when viewing 
conditions are altered (for example: stimulus size, refractive error), 
suggesting that they reflect distinct physiological properties (Sokol and 
Moskowitz, 1981, Kurita-Tashima et al., 1991). 
 
In visual pathology the VEP is employed to assess the impact of optic nerve  
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deficiency caused by demyelination or ischaemia.  Halliday and colleagues 
(1972) pioneered this clinical application of the VEP by demonstrating delay 
in P100 latency in patients with optic neuritis in both the acute-attack and 
post-acute phases.  This study emphasised the benefits of using objective 
techniques to measure visual function, compared with subjective methods, 
such as visual acuity.  The disruption to visual signal transmission, 
characterised by prolonged latency and reduced amplitude, has also been 
reported in patients with glaucoma, ocular hypertension and compressive 
lesions of the anterior visual pathway (Towle et al., 1983).  
Electrophysiological assessment of amblyopic observers produces similar 
findings regarding P100 amplitude and latency.  Conversely, the latency of the 
later second positive peak (P200) is significantly shortened when amblyopes 
are presented with a small check stimulus (Sokol, 1983).  The origin of P200 
remains unknown, but this evidence supports an earlier proposal that P200 
may represent a pattern detection process indicative of higher-order visual 
processing (Parker and Salzen, 1977).   
 
The application of VEPs to the study of normal visual function provides 
reliable data about the maturation of the human visual system in infancy at 
ages where behavioural studies are ineffective (McCulloch and Skarf, 1991).  
VEP data may still underestimate thresholds such as contrast sensitivity, 
since recording is also susceptible to the same motivational and attentional 
limitations of the infant subjects as behavioural studies (Norcia et al., 1988).  
Nevertheless, reliable data about monocular and binocular visual  
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development in human infants may be collated from VEP recordings 
(McCulloch and Skarf, 1991).  In adult vision, VEPs can be used to estimate 
spatial and temporal thresholds (Campbell and Maffei, 1970, Cavonius and 
Sternheim, 1971).  The VEP response is affected by other variables such as 
age, refractive error, accommodative status (Sokol and Moskowitz, 1981).  
As with pathology-induced changes, the VEP response is monitored 
principally by the changes of P100 latency when variables are adjusted.  
However visual development studies demonstrate that the initial VEP 
response in infants is recorded at the second positive component, which 
reduces in amplitude and latency as the P100 component matures (Sokol and 
Jones, 1979).  This finding illustrates the importance of considering both the 
early and late positive components when recording VEP responses. 
  
Both P100 and P200 are sensitive to variations in stimulus conditions.  Under 
conditions of optimal focus, a maximum amplitude response is seen in the 
early P100 component when the stimulus presented is a diffuse light.  The 
P200 component is best evoked by the use of a patterned stimulus, such as a 
checkerboard and the size of the response varies with check size – a larger 
response is seen with a smaller check size (Harter and White, 1968, 
Spehlmann, 1965).  However when the patterned stimulus is defocused, the 
P200 amplitude response is attenuated and becomes similar in magnitude to 
the one elicited by a diffuse light, as the pattern is no longer perceived (figure 
5.1) (Spehlmann, 1965).  These responses show that the two components 
are sensitive to different features of a stimulus pattern.  The late P200  
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response to check size and pattern detail is compromised by the introduction 
of defocus.  The early P100 does not alter as much with check size under 
optimal conditions, and is also less affected by defocus.  Thus the VEP 
response is driven by stimulus conditions and perceptual response (Harter 
and White, 1968).  The differences between P100 and P200 over a range of 
stimuli may be quantified by a comparative ratio of the two amplitudes: P200 : 
P100.  This ratio could also be considered as some form of measure of 
higher-level visual function (Spehlmann, 1965, White et al., 1983). 
 
Stimulus defocus is also known to increase the latency of the component 
peak deflection.  P100 latency is sensitive to the interaction between check 
size and the level of defocus: the latency increase is greater when a smaller 
check size is used.  To induce a similar level of change at a larger check 
size, larger amounts of myopic defocus are required (Sokol and Moskowitz,  
  
Figure 5.1: Effect of diffuse (line 1) and patterned (line 2) light on the VEP.  
Under defocus the patterned stimulus elicits a response (line 3) similar to 
the one produced by diffuse light. 
Positivity is represented by a downward deflection.  (Spehlmann, 1965) 
 1. Diffuse light 
 2. Patterned stimulus 
 3. Patterned stimulus 
- defocused 
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1981).  Under conditions of optimal focus P200 latency also indicates a 
sensitivity to spatial tuning: the latency of the component increases with 
spatial frequency (White et al., 1983).  
 
Thus using VEP, the hypothesis that it is changes at a cortical level that 
underpin the mechanisms of blur adaptation was examined.  
5.2 Methods 
5.2.1 PR-VEP Recording 
The PR-VEP signal was recorded from an active silver-silver/chloride 
electrode attached at Oz (10% above the inion).  Linked reference electrodes 
were placed on the earlobes and a ground electrode was placed on the 
forehead.  Electrical impedances were maintained below 5kΩ (measured by 
an SLE Electrode Impedance Meter).  The PR-VEP signal was acquired and 
averaged using a CED 1401 ‘Micro’ Data Acquisition unit (Cambridge 
Electronic Design Ltd, Cambridge, UK) and recorded on Signal software 
(version 2.16) (Cambridge Electronic Design Ltd, Cambridge, UK).  Amplifier 
(CED 1902 - Cambridge Electronic Design Ltd, Cambridge, UK) bandwidths 
were set between 0.5 and 30 Hz and the sampling rate was 256 Hz.  
5.2.2 Participants 
Eleven observers from the Bradford School of Optometry and Vision Science 
participated in the study (median age 30 years; range: 21 – 43 years).  The 
group consisted of 3 emmetropes (median age: 32 years; range: 26 – 40  
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years), 2 hyperopes (median age: 29 years; range: 27 – 30 years) and 6 
myopes (median age: 33 years; range: 21 – 43 years).  Emmetropes were 
defined as those with an SER between -0.75 and +0.75 DS with astigmatism 
not exceeding -0.75 DC.  Participants with an SER worse than –0.75 DS 
were classified as myopes and the hyperopic observers had an SER 
exceeding +0.75DS.  One emmetropic observer had -1.00 DC in one eye.  
However the SER for that eye was plano and -0.13 D for the fellow eye 
placing them in the emmetropic category.  In one myopic observer the SER 
of one eye was -0.50 D, but the fellow eye had an SER of -1.13 D, therefore 
this subject was classed as a myope.   Monocular SERs for each refractive 
group are given in table 5.1.    
 
The subjects were corrected with full aperture trial lenses to their optimum 
distance correction and had monocular and binocular visual acuity of 0.00 
log MAR or better.  All subjects were free from ocular pathology.  Each 
participant gave written informed consent to take part in the study. 
Table 5.1: Participant refractive data 
Refractive 
Group 
SER (D) – 
Right eye Range (D) 
SER (D) –  
Left eye Range (D) 
Emmetrope 0.00 ± 0.13 -0.13 to +0.13 +0.21 ± 0.26 Plano to +0.50 
Hyperope +2.31 ± 2.39 +0.63 to +4.00 +2.31 ± 2.39 +0.63 to +4.00 
Myope -3.23 ±2.72 -7.63 to -1.13 -2.31 ±2.39 -7.63 to -0.50 
All  -1.34 ± 3.10 -7.63 to +4.00 -1.18 ± 3.07 -7.63 to +4.00 
 
5.2.3 Stimuli 
A black and white reversing checkerboard pattern of 90% contrast was  
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generated using a VSG 2/3 graphics card (version 5) (Cambridge Research 
Systems, Rochester, UK) and presented on a Sony 21” Trinitron cathode ray 
tube (CRT) monitor.  The mean background luminance was 16 cd/m2. The 
checkerboard pattern subtended a visual angle of 18.66˚ by 14.27˚.  Pattern 
reversal occurred every 500 milliseconds (ms). 
 
The observer viewed four different stimuli: 10’, 15’, 20’ and 25’ check sizes.  
All stimuli were viewed binocularly at a distance of 114 cm in a darkened 
room.    The stimuli were presented under 4 viewing conditions: 
1. ‘clear’ : with optimal distance refractive correction; 
2. ‘blur – pre-adapt’: the refractive correction was modified by 2 D of 
myopic defocus.  To avoid blur adaptation at this stage, the 
blurring lens was removed after every 1 minute 30 seconds of VEP 
recording and the participant given 1 minute of clear vision.  
Recording was paused during these intervals. 
3. ‘blur – post-adapt’: VEP recordings were made following 30 
minutes’ adaptation to +2 D of blur.  During the adaptation period 
the subjects viewed a film presented on a CRT monitor at a 
distance of 114cm.  The blurring lens was left in situ for this 
session. 
4. ‘clear – recovery’: the blurring lens was removed and the subject 
viewed the stimuli in their optimal distance refraction once more.  
The purpose of this session was to monitor any after-effects of blur 
adaptation on the VEP response. 
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All eleven participants viewed three of the stimuli: 15’, 20’ and 25’.  Eight of 
the eleven subjects who successfully adapted to blur, were presented with 
the fourth pattern stimulus of 10’.  Although there is evidence to suggest that 
PR-VEP amplitude and latency is influenced by the amount of defocus 
imposed (Harter and White, 1968), data from previous blur adaptation 
experiments suggests that a positive result of blur adaptation does not 
depend on the amount of induced defocus, and the presence of this 
phenomenon has been demonstrated successfully with spherical defocus of 
between +1 and +3 D (see table 1.1 for summary).  The main objective of the 
experiment was to identify the presence of a cortical response to blur 
adaptation and for this reason only one level of defocus was used.   
5.2.4 Data Analysis 
PR-VEP latency (expressed in milliseconds) and amplitudes (measured in 
microvolts (μV)) were both transformed into logarithmic values to overcome 
inter-subject variability (Bach and Mathieu, 2004, Celesia and Kaufman, 
1985, Bland, 2002) and to enable parametric statistical analysis.  The 
analysis was performed using repeated measures ANOVA in SPSS software 
(version 19.0) (IBM Corporation, New York, U.S.A.).  A further evaluation of 
the PR-VEP amplitude responses under different viewing conditions was 
expressed by the ratio of P200 to P100 amplitudes (Spehlmann, 1965, White et 
al., 1983).   
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5.3 Results 
The effect of adaptation to induced defocus was quantifiable through the PR-
VEP response.  The introduction of spherical myopic defocus reduced the 
response amplitude and increased the latency of peak deflections.  Following 
a period of adaptation to blur, latency increased further still.  For the 15’, 20’ 
and 25’ checks a partial recovery in amplitude was observed with adaptation 
to blur, but for the 10’ pattern, amplitudes decreased further.  One subject  
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Figure 5.2: Group mean PR-VEP amplitudes in clear and pre- and post-adaptation 
blurred viewing conditions for the 10’ (n = 8), 15’, 20’ and 25’ check stimuli (n = 10) 
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showed no effect of blur adaptation and was excluded from the data 
analysis.  The results were based on 10 individual responses to the 15’, 20’ 
and 25’ checks and on 8 responses of the 10’ check pattern.   Figure 5.2 
illustrates the amplitude changes observed under blurred conditions before 
and after adaptation compared to the baseline clear condition.  (The 
standard deviations for each condition and check size may be seen in 
Appendix 5, pg. 261-62). 
  
Figure 5.3: P100 and P200 amplitudes for clear and blurred viewing  
conditions pre– and post– adaptation for all check stimuli 
(Error bars indicate ±1 SD) 
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For the 10’ check stimulus amplitudes were significantly attenuated with the 
introduction of defocus and decreased further after the adaptation period 
(repeated measures ANOVA: F (2, 42) = 36.41; p < .01).  The pre-adaptation 
decrease was more prominent, particularly at P100, where the group mean 
amplitude shrank by 6.67 μV.  In comparison the P200 amplitude attenuation 
was smaller for both pre- and post-adaptation (figure 5.3).   
 
The amplitude changes to induced blur and adaptation also proved to be 
statistically significant at the 15’, 20’ and 25’ check sizes (repeated measures  
ANOVA: F (2,178) = 3.84; p < .01).  The response was seen most evidently at 
the P200 with the 25’ check stimulus: amplitude decreased by a mean of 5.24 
μV when defocus was introduced and increased by a mean of 2.00 μV 
following adaptation to blurred conditions.  At P100 there was little change to 
the amplitude with the introduction of blur (0.24 μV) and the post-adaptation 
increase was only 0.59 μV (figure 5.2).  The amplitude changes recorded at 
P200 for this stimulus before and after adaptation were significantly different 
to those observed at P100 (Bonferroni post hoc analysis: p = .003 pre-
adaptation and p = .035 post-adaptation).   
 
At the 15’ and 20’ check stimuli amplitude attenuation was greatest at P200 
when viewing conditions became blurred (6.97 and 5.23 μV respectively).  
Following the adaptation period amplitude changes were < 1 μV at both 
stimuli – a small increase was observed at the 20’ check (0.09 μV)  but a 
decrease was seen at the 15’ check (0.06 μV).  At P100, post-adaptation  
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amplitudes increased at both check sizes, but the larger increase of 1.27 μV 
was observed at the 20’ check stimulus.  The change in amplitudes with 
defocus induced and with adaptation to blur were statistically significant for 
the 15’ check size (p = .001), but not for the 20’ check size (p = .067).  
Bonferroni post hoc analysis of the 15’ check amplitude changes confirms 
that the significant reduction in amplitude with defocus occurred pre-
adaptation (p = .015) and not post-adaptation (p = .968).    
 
Under blurred conditions the largest increase in latency was observed for the 
20’ and 25’ check stimuli within the later component of the VEP response 
(N135 and P200). Compared to baseline clear viewing conditions, the N135 
peak deflection was delayed by a total of 24 ms and 25 ms respectively with  
  
Figure 5.4: PR-VEP peak latencies under clear and blurred conditions pre- 
and post-adaptation.  (Positive error bars indicate +1 SD) 
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defocus.  A similar but slightly smaller latency increase was observed at P100 
(figure 5.4). 
 
With the smaller check patterns, 10’ and 15’, the largest latency shift 
occurred for the P100 response component, where for each stimulus the total 
increase was 32 ms after adaptation to blur relative to baseline.  The effect of 
blur and adaptation to blur on PR-VEP latency at all check sizes was 
statistically significant (repeated measures ANOVA: F (2,318) = 88.09; p < 
.001).  Bonferroni post hoc analysis indicated that changes in latency pre- 
and post-adaptation to blur were also statistically significant (p < .01).   
 
The magnitude of both latency and amplitude response under conditions of 
blur pre- and post- adaptation varied with stimulus.  The check size was a 
significant factor in the effect of blur adaptation on amplitude (repeated 
measures ANOVA: F(6, 232) = 8.81; p < .001), but not so for latency (repeated 
measures ANOVA: F(8, 310) = 0.665; p = .722). 
 
With the blurring lens removed to restore clear viewing conditions, peak 
amplitude responses at both P100 and P200 exceeded the levels measured at 
baseline for all four pattern stimuli (figure 5.5).  The magnitude of change 
increased with check size and for all stimuli the increase was larger at P100 
than at P200.   Significant increases were recorded at P100 with the 25’ check 
stimulus, where recovery amplitude was 1.93 μV greater than baseline, 
whilst at P200 the recovery amplitude was 1.26 μV greater than baseline  
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(repeated measures ANOVA F (1, 15) = 8.515; p = .011) .   
 
A return to clear viewing conditions shortened latency, however the peak 
response generally occurred later than at baseline.  For all check stimuli 
recovery was slower at the N75 and P100 components than at N135 and P200.  
The post-adaptation time to peak deflection remained delayed by a mean of 
7.9 ms in the early wave and 2.9 ms in the late wave.  The exception to this 
was at the 25’ check, where the P200 peak deflection recovered fully to 
baseline levels and peaked 1.6 ms earlier (figure 5.4).  The difference 
between pre- and post-adaptation times to peak deflection in clear viewing  
  
Figure 5.5: Comparison of group mean amplitudes with optimal 
refraction (clear) for all stimuli before and after blur adaptation  
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conditions was statistically significant (repeated measures ANOVA: F (1 , 135) 
= 29.41; p < .001).  
 
The degree of amplitude change with the clear and blurred pre- and post-
adaptation conditions was reflected in the P200/P100 ratio (figure 5.6).  For the 
25’ stimulus, the baseline ratio was 1.45, indicating a strong response to the 
stimulus pattern.  The recovery of amplitude strength post-blur adaptation 
was also evident from the P200/P100 ratio, as it increased from 0.70 pre- to 
0.90 post-adaptation.  Although there was a minor increase in the post-
adaptation P200 amplitude for the 20’ check stimulus, the ratio post-blur 
adaptation was smaller (0.65) compared to pre-adaptation (0.77).  At the 15’ 
check stimulus the P200/P100 ratio remained unchanged for both blurred 
viewing conditions (0.66 pre- and 0.61 post-adaptation) confirming that blur  
  
Figure 5.6: P200/P100 amplitude ratios in clear and blurred viewing conditions 
pre- and post-adaptation for the 10’, 15’, 20’ and 25’ check stimuli 
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adaptation was negligible.  For the 10’ check pattern, the P200/P100 ratio 
values for both defocused conditions were higher than for the clear viewing 
conditions.  Following blur adaptation, the ratio was at unity, indicating that 
the response amplitudes at P100 and P200 were almost equal –the 
characteristic PR-VEP profile became very flattened with blur. 
5.4 Discussion 
 The PR-VEP response is a valid objective measure of visual function 
(McCulloch and Skarf, 1991) and the data presented here demonstrated that 
spherical defocus attenuates the VEP, but with a period of adaptation a 
partial recovery is possible.  This pattern of response was generally 
consistent across three of the four stimuli used.   
 
Under both clear and blurred viewing conditions the VEP response 
demonstrates pattern processing. With optimal refractive correction, the 
amplitude responses in the present study were larger for the smaller check 
sizes.  At three check sizes: 15’, 20’ and 25’, the P200 amplitude was larger 
than P100.  When defocus was imposed, in all four cases P200 amplitudes 
became smaller than P100 and the largest amplitudes were observed with the 
biggest check size – 25’.  These findings are consistent with those of 
previous studies of the VEP amplitude response to defocus (Harter and 
White, 1968, Spehlmann, 1965). 
 
With a period of prolonged blur the VEP at 15’, 20’ and 25 checks began to  
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show signs of recovery as evidenced by amplitude increases that paralleled 
VA improvements recorded in psychophysical studies of blur adaptation 
(Mon-Williams et al., 1998, Rosenfield et al., 2004, Cufflin et al., 2007b).  The 
amplitude increase was consistent at all three check sizes for the P100 
component and the largest increase of 1.27 μV occurred at 20’.  For the P200 
component however the post-adaptation increase was only seen at the larger 
two stimuli – 20’ and 25’.  The post-blur adaptation amplitude gains at P100 
reflected a partial recovery of image sharpness (Harter and White, 1968).  
However it was the amplitude changes at P200 that demonstrated the 
greatest average effect of blur adaptation on the PR-VEP.  The increased 
post-blur adaptation response of P200 with the larger stimuli, particularly the 
25’ check, demonstrated that under conditions of prolonged blur, the visual 
system can also recover some pattern recognition capability.  The magnitude 
of change was not equal at all check sizes – a comparison of post-blur 
adaptation amplitudes for 20’ and 25’ demonstrated that under conditions of 
defocus, it was more responsive to the larger check sizes in a manner similar 
to P100.   
 
The negative post-adaptation response to the 10’ and 15’ patterns at P200 
indicated that optical degradation could also inhibit adaptation.  This finding 
suggests that the visual system is unable to initiate adaptation to blurred 
conditions if the signal becomes too degraded.  It is possible that a partial 
recovery of VEP may be seen with adaptation to blurred conditions if the 10’ 
check stimulus were viewed through a lower level of defocus (Harter and  
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White, 1970).  It may also be possible that successful blur adaptation 
operates within a specific range, similar to the operational range of 
emmetropisation suggested by Smith (1998).  Thus if vision decreases 
suddenly with a rapid progression of an opacity for example, the eye’s optics 
may prevent the adaptive mechanism’s attempt to compensate for the 
perceived blur.   
 
The changes in amplitude under the different viewing conditions were also 
represented by the P200 / P100 ratio.  For the 25’ check, the positive adaptive 
effect was reflected by a higher ratio of 0.9 compared to 0.7 pre-adaptation.  
The ratio increase is attributable to an improvement in P200 and would 
therefore represent improved pattern perception.  For the smallest check size 
the post-adaptation ratio was 1.01 – both P100 and P200 amplitudes were 
attenuated to equal levels by the defocus and the VEP response did not 
demonstrate any improved sensitivity to either image sharpness or pattern 
perception.  Taking into consideration the amplitude adjustments that 
occurred for all 4 stimuli, the resulting P200 / P100 ratios indicate that the 
adaptive process could be taking place in the visual cortex.  The interaction 
of stimulus size and defocus appears to influence the magnitude of 
adaptation.  The initial outcome of blur adaptation is an appreciation of 
improved image sharpness (P100).  More successful adaptation results in the 
ability of perceiving pattern detail (P200).  The degree of amplitude increase 
and resulting P200: P100 ratio indicated which of the two processes was 
achieved during the adaptation. 
  
164 
 
The increase in time to peak deflection under blurred conditions correlated 
well with previous findings that defocus prolongs latency (Sokol and 
Moskowitz, 1981).  Sokol and Moskowitz only studied the effect at the P100 
component.  In agreement with their findings, the larger delays were seen at 
the early wave with the smaller check stimuli.  In contrast, latency changes 
under defocus for the 20’ and 25’ patterns were greater in the late wave.  
Following a period of adaptation latency did not improve, remaining delayed 
for all stimuli.  Under defocused conditions the increase in latency was 
significant with the introduction of defocus compared to post-adaptation, thus 
indicating that the adaptive process did not bring any significant change to 
VEP latency. 
 
The rebound effect evidenced by the recovery of amplitudes following the 
removal of the blurring lens indicates that adaptation to blur may not only 
improve VA under defocused conditions, but may also improve VA once 
clear vision is restored.  If the adaptive mechanism introduces a recalibration 
of spatial frequency under blurred conditions, it is possible that these effects  
remain when defocus is removed and that another recalibration takes place 
to readjust to the change in viewing conditions.  The dynamic nature of the 
adaptive process was demonstrated in Webster, Georgeson and Webster’s 
experiment (2002) in which the point of best focus was readjusted depending 
on whether observers were adapting to blurred or sharper images.  These 
findings suggest that the rebound effect in our study would only be temporary 
and a further investigation of this is recommended. 
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The current VEP-based analysis of blur adaptation has demonstrated that 
this phenomenon is variable across individuals and that it is not possible to 
achieve an adaptive effect in all subjects.  The VEP is susceptible to strong 
inter-individual variability.  It did not always follow that those who responded 
most significantly to the introduction of blurred conditions would have the 
strongest adaptive effect.  Moreover uncorrected residual refractive error is 
known to reduce PR-VEP response – in particular at the P200 component 
(Harter and White, 1968),  and this may have accounted for the poor 
response from our 11th participant who was  known to have a small degree of 
astigmatism.  However Sokol and Moskowitz (1981) found that astigmatism 
does not affect the PR-VEP response even in the presence of spherical 
defocus.  This suggests the other factors may account more for this 
observer’s inability to adapt to blur. 
 
This study has provided objective evidence for the presence of the blur 
adaptation mechanism and by the nature of the PR-VEP response it is also 
possible to demonstrate that  the adaptation is likely to occur in the visual 
cortex.  The interaction of check size and defocus seen in amplitude changes 
suggests that the mechanism consists of response on two levels manifested 
by improved focus and a recovery of pattern perception. 
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CHAPTER 6 
The Retinal Response to Blur Adaptation 
6.1 Introduction 
The electroretinogram (ERG) is a measure of retinal activity in response to a 
light stimulus (Dawson et al., 1982).  Flash and pattern ERGs are used in 
conjunction with each other or with other electrophysiological techniques to 
provide an assessment of retinal activity in both normal and abnormal visual 
function (Holder, 2001).   
 
Maffei and Fiorentini’s study (1981) showing the effect of optic nerve section 
on the ERG in cats, was the first to demonstrate that flash and pattern ERGs 
were not interchangeable.  Yet early studies did not give a full account of the 
significance of the pattern ERG (PERG) because they focused on the 
behaviour of the first negative and positive components (N35 and P50), as a 
mirror-image of the flash ERG response, and paid little attention to the 
behaviour of the second negative component (N95) (Dawson et al., 1982, 
Celesia and Kaufman, 1985, Sokol and Nadler, 1979, Holder, 2001).  The 
oversight was highlighted by Holder (1987) who proposed that the N95 
component was selectively affected by diseases of the optic nerve and the 
P50 component by disorders of the retina or reduced visual acuity, such as 
cataract maturation.  This selectivity also suggested that the two components 
may be generated by different retinal layers: N95 demonstrates the properties 
of the proximal retina – probably the retinal ganglion cells (RGC), whilst P50  
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may be generated in the distal layers (Holder, 1987, Berninger and 
Schuurmans, 1985).  Application of these findings in a clinical setting has 
allowed a more precise evaluation and diagnosis of retinal, macular and optic 
nerve disorders (Holder, 2001, Dodt, 1987). 
 
The PERG displays the retina’s properties of spatial tuning and luminance 
dependence (Drasdo et al., 1987b).  The luminance element represents local 
changes in retinal luminance with the presentation of a stimulus.  The retinal 
response demonstrates a strong dependence on luminance levels and also 
displays a linear relationship with contrast (Hess and Baker, 1984, Riemslag 
et al., 1985, Arden et al., 1982).  In turn, pattern contrast varies as a function 
of stimulus spatial size and the response decreases as optical degradation 
factors begin to interfere with the retina’s ability to detect patterns of higher 
spatial frequency (Arden et al., 1982, Drasdo et al., 1987a, Drasdo et al., 
1987b).  However the reduction observed is not wholly monotonic (Drasdo et 
al., 1987a).  The luminance and pattern elements may be separated 
mathematically to illustrate how their relationship varies with spatial size.  
Thus when large check sizes or low spatial frequency stimuli are used, the 
response is more luminance-driven, but as check size decreases or spatial 
frequency increases the response becomes more pattern-specific (Drasdo et 
al., 1987b).  Furthermore the pattern element of the response demonstrates 
a bandpass characteristic of spatial frequency dependence: a peak response 
is seen in the foveal area with a grating stimulus of between 2 to 5 cycles per 
degree, but the peak is displaced to lower spatial frequencies when  
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peripheral retinal zones are stimulated.  These features establish a strong 
link between the PERG and the specific retinal properties, in particular the 
spatial tuning of the RGC (Hess and Baker, 1984, Drasdo et al., 1987a).  
 
Retinal stimulation is further compromised by defocus and the effect is 
measurable with PERG (Leipert and Gottlob, 1987).  However it is important 
to remember that blur is a vital cue in key visual processes such as 
emmetropisation and accommodation.  The magnitude and duration of the 
defocus are required inputs to the initiation of an appropriate response 
(Smith, 1998, Diether and Wildsoet, 2005, Wallman and Winawer, 2004).  
Yet if the retina were responsible for the proposed recalibration of spatial 
frequency channels under sustained blur in such a way that allows an 
improvement in VA , this would suggest that a reduced signal is being 
transmitted to accommodative and emmetropisation mechanisms (Wallman 
and Winawer, 2004).  Moreover, blur adaptation then becomes a feature of 
retinal processing alongside contrast and luminance adaptation.  Therefore, 
a study of the PERG response to sustained blur is required to understand 
whether the process of adaptation to blur begins at the retina or does the 
retina act as a relay of a blurred signal that is processed and recalibrated 
elsewhere in the visual pathway. 
6.2 Methods 
6.2.1 PERG Recording 
A DTL fibre electrode was placed along the lower conjunctiva of the  
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participant’s right eye referenced to the ipsilateral outer canthus to measure 
ERGs.  The fellow eye was occluded.  A ground electrode was located on 
the forehead.  Electrical impedances were maintained below 5kΩ, measured 
by an SLE Electrode Impedance Meter.  The PERG signal was acquired and 
averaged using a CED 1401 ‘Micro’ Data Acquisition unit (Cambridge 
Electronic Design Ltd, Cambridge, UK) and recorded on Signal software 
(version 2.16) (Cambridge Electronic Design Ltd, Cambridge, UK).  Amplifier 
(CED 1902, Cambridge Electronic Design Ltd, Cambridge, UK) bandwidths 
were set between 1.0 – 30 Hz and the sampling rate was 256Hz. 
6.2.2 Participants 
Eleven subjects from the Bradford School of Optometry and Vision Science 
participated in the study (median age 30 years; range: 21 – 45 years).  All 
participants gave informed written consent.  The group consisted of 4 
emmetropes (median age: 29.5 years; range: 26 – 40 years), 2 hyperopes 
(median age: 28.5 years; range: 27 – 30 years) and 6 myopes (median age: 
38 years; range: 21 – 45 years).  Details of refractive group classification, 
monocular SER and group refractive error range are presented in table 6.1.  
Table 6.1: Participant data 
Refractive Group SER Classification SER (D)  – Right Eye Range (D) 
Emmetropes 
-0.75 to +0.75 DS 
 and < -0.75 DC 
0.00 ± 0.32 -0.38 to +0.38 
Hyperopes > +0.75 DS 2.31 ± 2.39 +0.63 to +4.00 
Myopes > -0.75 DS -2.78 ± 2.77 -7.63 to -1.13 
All Subjects  -0.84 ± 2.79 -7.63 to +4.00 
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The subjects were corrected with full aperture trial lenses to their optimum 
distance correction and had monocular and binocular visual acuity of 6/6 or 
better.  All subjects were free from ocular pathology. 
6.2.3 Stimuli 
A black and white reversing checkerboard pattern of 90% contrast was 
generated using a VSG 2/3 graphics card (version 5 Cambridge Research 
Systems) and presented on a Sony 21” Trinitron CRT monitor.  The mean 
background luminance was 16 cd/m2. The checkerboard pattern subtended a 
visual angle of 18˚ by 14˚.  Pattern reversal occurred every 500 ms. 
 
The observer viewed 4 different stimuli: 10’, 15’, 20’ and 25’ check sizes.  All 
stimuli were viewed monocularly at a distance of 114 cm in a darkened room.  
The stimuli were presented under 4 viewing conditions: 
1. ‘clear’: with optimal distance refractive correction; 
2. ‘blur – no adapt’: 2 DS of myopic defocus was added to the 
refractive correction.  The blurring lens was removed after every 1 
minute 30 seconds of recording and the observer given 1 minute of 
clear vision to avoid blur adaptation.  Recording was paused 
during these intervals. 
3. ‘blur – post-adapt’: PERG recordings were made following 30 
minutes’ adaptation to the imposed defocus.  During this time the 
subjects viewed a film presented on a CRT monitor at a distance 
of 114 cm.  The blurring lens was left in situ when PERG recording 
was recommenced. 
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4. ‘clear – recovery’: the blurring lens was removed and the subject 
viewed the stimuli in their optimal distance refraction.  The purpose 
of this session was to monitor any after-effects of blur adaptation 
on the PERG response. 
 
All participants completed the experiment with the 15’, 20’ and 25’ check 
stimuli.  Of these, nine, considered to be reliable observers, also consented 
to view the fourth stimulus of 10’ check. 
6.2.4 Data Analysis 
PERG amplitudes exhibit large inter-subject variability (Holder et al., 2007).  
Two strategies were adopted to reduce the variability of the present data.  
Limits for normal variation were defined as ± 2 standard deviations (SD) of 
the group mean and individual subject amplitudes were assessed against 
these limits of agreement (LOA) (Froehlich and Kaufman, 1993, Bland and 
Altman, 1986).  Secondly, both amplitudes and implicit times were 
transformed into logarithmic values to overcome inter-subject variability and 
to facilitate parametric statistical analysis with repeated measures ANOVA in 
SPSS software (v. 19.0) (IBM Corporation, New York, U.S.A) (Bach and 
Mathieu, 2004, Celesia and Kaufman, 1985).  PERG amplitudes measured 
under different viewing conditions, were also compared using the N95:P50 
ratio as a measure of the effect of the experimental variable on each 
component (Bui et al., 2003, Froehlich and Kaufman, 1993).  
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6.3 Results 
A measurable change in retinal activity in response to the introduction of 
spherical defocus and the subsequent period of adaptation to blur, was 
observed with PERG.  Following an assessment of the compliance of 
individual subjects’ amplitudes to the upper and lower LOA, one subject 
exceeded these limits on 3 occasions and was removed from the analysis of 
data for the 15’, 20’ and 25’ check size stimuli.  The data analysis was based 
therefore on 10 observers.  For the 10’ check, all participant data were 
compliant with the LOA (n = 9). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
Figure 6.1: Group mean amplitudes in clear and blurred viewing   
conditions pre- and post-adaptation.  (Error bars indicate ±1SD) 
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For all four pattern stimuli, P50 and N95 amplitudes decreased significantly 
when myopic defocus was introduced and remained attenuated after a 
period of adaptation to blur (repeated measures ANOVA: F(2, 154) = 168.66; p 
< .001) (figure 6.1). The PERG response was reduced such that the P50 and 
N95 components were at times difficult to identify.  Amplitudes decreased  
when blur was first introduced, and were not altered significantly by the 
adaptation period (Bonferroni post hoc analysis: clear vs. blur pre-adapt p < 
.001; blur pre-adapt vs. blur post-adapt p = 1.00).  For three check sizes – 
15’, 20’ and 25’, the mean amplitude attenuation with the introduction of blur 
was 1.47 μV at N95 and 0.741 μV at the P50 peak.  With the 20’ and 25’ 
patterns, N95 amplitudes decreased further following 30 minutes’ adaptation  
  
Figure 6.2: Group mean PERG amplitudes in clear and pre- and post-
adaptation blurred viewing conditions for the 10’, 15’, 20’ and 25’ check stimuli 
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to blur by a mean of 0.1 μV, but at 15’ the N95 amplitude increased by 
0.06μV.   
 
The baseline clear amplitudes at 10’ were the smallest of the 4 stimuli.  
Amplitude reduction with induced defocus followed a similar pattern to the 
other stimuli.  However, unlike the other responses, the 10’ N95 component 
was smaller than the P50 (0.34 μV and 0.42 μV respectively).  Following 
adaptation, N95 made a slight recovery (0.47 μV), whilst the P50 decreased 
further (0.34 μV).  Figure 6.2 illustrates that these post-adaptation changes 
did not have any impact on the overall profile of the PERG response.   
 
The response seen at all the check sizes (figure 6.2) was very similar, and 
the pattern check did not exert any influence on the adaptive effect (repeated 
measures ANOVA: F(6, 148) = 0.369; p = .898).  The magnitude of the 
response differed significantly between P50 and N95 (repeated measures 
ANOVA: F(2, 152) = 4.44; p < .013) and is perhaps best illustrated with the 20’ 
check pattern.  (The standard deviations for each condition and check size 
may be seen in Appendix 5, pg. 267-68). 
 
Here the rate of amplitude decline following a change to pre-adaptation 
blurred viewing conditions was greater at N95 than at P50.  The new N95 
amplitudes were on average 70% smaller than the baseline amplitude, whilst 
the P50 amplitude decreased by an average  60% with blur – this variation 
was statistically significant (planned comparison test: F(1,9) = 7.07; p = .026).  
The blur-induced attenuation brought the two amplitude values closer  
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together as seen in figure 6.1 and this was reflected by the N95:P50 ratio.  At 
baseline the N95 amplitude is over 1.75 times greater than P50, but under 
blurred conditions the ratio of the 2 components drew nearer to unity (figure 
6.3).  A very similar pattern was seen for the 15’ check stimulus. 
 
 
Amplitude attenuation was largest with the 25’ check pattern, however the 
rate of decline under blurred conditions (69%) was equal for both P50 and N95 
and perhaps a vague PERG profile was still retained.  The N95:P50 ratio was 
not altered until after adaptation where the amplitudes of the two 
components became increasingly flatter and the ratio dropped by 25%.  The 
effect of blur on the PERG response at 10’ reduced the N95:P50 to 0.82 and 
the amplitude changes observed after blur adaptation increased the ratio to  
  
Figure 6.3: N95:P50 ratio for the 10’, 15’, 20’ and 25’ check stimuli in all 
viewing conditions 
0.50
1.00
1.50
2.00
C
le
ar
B
lu
r
A
d
ap
t
R
ec
o
ve
ry
C
le
ar
B
lu
r
A
d
ap
t
R
ec
o
ve
ry
C
le
ar
B
lu
r
A
d
ap
t
R
ec
o
ve
ry
C
le
ar
B
lu
r
A
d
ap
t
R
ec
o
ve
ry
10' 15' 20' 25'
N
95
:P
50
 R
at
io
Check size & viewing condition
176 
 
1.35, which was the largest adaptive change seen. 
 
When the blurring lens was removed, amplitudes increased again to within 2 
SD of the baseline clear values for the majority of observers, but in general 
did not exceed baseline values (figure 6.4 compares pre- and post-
adaptation responses for all stimuli).  However for three stimuli: 15’, 20’ and 
25’ check sizes, the N95:P50 ratio was greater at recovery than at baseline, 
mainly due to a stronger recovery of the N95 component (figures 6.1 and 6.3).  
The magnitude of recovery for these three stimuli was not influenced by the 
stimulus check size (repeated measures ANOVA: F(2, 57) = 0.912; p = .408).  
Similarly, the difference in the recovery amplitudes of the two components 
was non-significant (repeated measures ANOVA: F(1, 58) = 3.00; p = .089).   
 
 
 
 
 
 
 
 
 
 
  
Figure 6.4: Group mean amplitudes for clear viewing conditions pre- and post- 
adaptation for 10’, 15’, 20’ and 25’ check stimuli  
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At 10’ both the N95 and P50 amplitudes were larger that baseline by a mean 
of 0.03 μV and 0.11 μV respectively.  This modest increase did not achieve 
statistical significance (p = .99). 
 
No overall pattern of change to implicit times emerged with the different 
viewing conditions (figure 6.5).  There was no significant increase or 
decrease with blur adaptation for check patterns 15’, 20’ and 25’ (repeated 
measures ANOVA: F(2, 178) = 0.712; p = .49), or with recovery (repeated 
measures ANOVA: F(1, 89) = 0.359; p = .55).  For the 15’ check size the  
implicit times to peak shortened by less than 2 ms; whereas delays of 
between 1 and 3.2 ms were observed with the change in viewing conditions 
for the 20’ and 25’ check patterns. 
 
At 10’ implicit times to peak amplitude decreased significantly when the 
observer viewed the stimulus under blurred conditions pre- and post-
adaptation (repeated measures ANOVA: F(2, 52) = 6.46; p = .003).  The 
largest change in implicit time to peak was seen at N95 post-blur adaptation, 
where the peak occurred 17 ms earlier than at baseline.  With clear viewing 
conditions restored implicit times remained shortened – the N95 peak 
deflection was achieved 9 ms earlier than baseline, although these 
differences were not statistically different compared to baseline (p = .10).    
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6.4 Discussion 
The sustained degradation of the retinal image with myopic defocus may be 
measured through the PERG response.  This study has shown that even 
following a period of adaptation to the blur, the PERG response does not 
show signs of recovery, and could undergo further negative modification.  In 
the context of other results of blur adaptation studies (Cufflin et al., 2007b, 
Mon-Williams et al., 1998, Rosenfield et al., 2004, Wang et al., 2006) this 
finding precludes the retina as a potential locus for the visual system’s 
mechanism of recalibration under conditions of prolonged blur, as the 
change in the PERG response is not evident. 
  
Figure 6.5: Group mean implicit times to peak deflection pre– and 
post-adaptation for check stimuli 10’, 15’, 20’ and 25’.  (Positive 
error bars indicate +1 SD) 
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A reduction in visual acuity, regardless of whether it is induced or 
pathological, causes a significant reduction in PERG response amplitude 
(Bartel and Vos, 1994, Leipert and Gottlob, 1987, Sokol and Nadler, 1979, 
Arden et al., 1982, Hess and Baker, 1984).  The magnitude of the effect 
reported may vary, but it is clear that myopic defocus has the greater 
detrimental effect: with as little as 0.5D myopic defocus, the response is 
reduced to half height (Hess and Baker, 1984).  In the present study the 
introduction of 2D of myopic defocus caused a decrease of over 70% in the 
baseline N95 amplitude with the 20’ check, and the flattened profile of the 
responses at all check sizes clearly demonstrates the extent to which optical 
blur degrades the retinal image.  Whilst this study does not intend to analyse 
retinal response to blur adaptation in terms of luminance and pattern 
elements of the PERG, the results allow a limited commentary. 
 
The baseline clear amplitudes show a strong pattern response to the stimuli, 
which is in good agreement with the pattern versus luminance response 
calculated by Drasdo and colleagues (1987b, 1987a).  Under blurred 
conditions the greater amplitude decrease for the larger three check sizes 
(15, 20, and 25’) is seen at N95.  However with the 10’ check stimulus the 
greater reduction under imposed defocus is seen at P50, suggesting that the 
reduction in image contrast and therefore retinal luminance is the more 
significant element.  Bach and Matthieu (2004) found that dioptric defocus 
drastically attenuated stimuli of a similar size, and that the effect is mainly 
due to decreased retinal luminance, which matches the profile of amplitude  
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changes seen here at 10’, where the P50 amplitude decreases most under 
defocus and recovers strongly when defocus is removed.  
 
Therefore at the larger check sizes, with the imposition of myopic defocus, 
the greater part of the PERG’s impairment is the loss of pattern recognition, 
which is reflected in the changes of the N95 component.  At all the check 
sizes employed in this study the N95 amplitude has responded strongly to the 
changes in viewing conditions, reflecting its sensitivity to spatial tuning within 
a pattern (Bui et al., 2003, Holder, 1987).  The loss of pattern response with 
the introduction of defocus is represented by the sharp fall in N95 amplitude 
of approximately 70% at 15’, 20’ and 25’ check sizes, but also significantly at 
10’, where the N95 amplitude becomes smaller than the P50.  This degree of 
amplitude attenuation provides strong evidence for the spatial sensitivity of 
the PERG response which has been impaired by a reduction in optical image 
quality. 
 
In contrast to the PR-VEP response following a period of adaptation to blur, 
the PERG amplitudes do not show any signs of recovery. The minor changes 
in amplitude resemble a fine adjustment to the blurred viewing conditions, 
but do not appear to have undergone any form of recalibration in order to 
offer an improved response as that seen with the PR-VEP amplitudes or in 
psychophysical experiments (Cufflin et al., 2007b, Mon-Williams et al., 1998).  
A similar effect is seen with sustained exposure to contrast: Heinrich and 
Bach (2001b) reported that following exposure to a high contrast target,  
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PERG response amplitudes were reduced to 90% of their baseline 
measures, whereas VEP amplitudes increased.  Porciatti and Ventura (2009)  
suggest that, with sustained exposure, amplitudes readjust to a plateaued 
response, which could be either a decrease or increase from baseline, and 
remain flat at an intermediate level of activity that is independent of the initial 
level.  They suggest that this is metabolically driven.  This pattern of 
response seems to be replicated under conditions of blur adaptation: with the 
introduction of blur, PERG amplitudes are attenuated and following the 
adaptation period, amplitudes remain at their attenuated levels, undergoing 
only minor adjustments to achieve a sustainable plateaued response under 
the prevailing viewing conditions.   
 
Porciatti and Ventura (2009) also found that the plateaued response 
demonstrated less variability - a feature that is also present within the blur-
adapted response.  Standard deviations around the group mean response 
were smaller in the blur-adapt condition than in the pre-adapt blurred 
condition and also smaller than for the clear viewing conditions (baseline and 
recovery) (figure 6.1).   
 
In this context it would seem appropriate to conclude that the retinal 
response undergoes a form of adaptation to sustained conditions, but in the 
sense that the retina adjusts to a downgraded input in a similar manner in 
which it adjusts to contrast changes.  It does not possess the ability to 
recalibrate its response to improve the level of output in the way that the  
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cortical response appears to do, in order to improve the quality of the 
percept.  The absence of recalibration to improve percept quality during blur 
adaptation is also demonstrated by the PERG response once clear viewing 
conditions are restored: the group mean response amplitudes at recovery 
are within 1 SD of the baseline values for all 4 stimuli – suggesting that the 
PERG returns, but does not exceed its baseline response. 
 
The absence of the familiar blur adaptation response at the retinal level 
should perhaps not be expected, as the proximal layer of the retina, from 
where the PERG response is thought to originate, transmits visual data that 
is organised to fit the on-off centre-surround receptive field found in the RGC 
(Celesia and DeMarco, 1994).  The transmissions are based on contrast and 
luminance changes, whereas successful blur adaptation seems to require 
not only a change to a reduced contrast, but also incorporates some 
requirement of pattern recognition, which is not a function of the retina.  
Furthermore adjustments of retinal cell activity appear to be concentrated 
around adjusting to the level of metabolic activity required to receive a signal 
and not about regrouping to improve image quality.  It would therefore seem 
correct that blur adaptation is a property of later perceptual processing rather 
than early visual signal processing. 
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CHAPTER 7 
Blur Adaptation: Onset, Time Course and After-Effects  
7.1 Introduction 
Adaptive processes are a hallmark of the plasticity of the human visual 
system (Kohn, 2007).  The principal purpose of adaptation is to calibrate 
visual coding so that the sensitivity of the visual system is matched to the 
demands of the visual environment (Bilson et al., 2005).  Such modifications 
occur rapidly to provide a framework within which the incoming signal may 
be optimally interpreted.  The desired adaptation can affect more than one 
stage of visual processing and an appreciation of the effects at each stage 
provides insight into the interactions between the different stages (Kohn, 
2007).  Adaptation to blur is one of a number of neural calibrations that 
endeavours to improve spatial resolution (Sawides et al., 2010, Elliott et al., 
2011).  The adaptive process is considered to be a feature of cortical 
processing where spatial frequency channels retune to adjust to a lower 
bandpass signal (Mon-Williams et al., 1998). 
 
Blur is intrinsic within the retinal image because of the imperfections of the 
optical components of the eye (Sawides et al., 2010).  Spherical and 
chromatic aberrations, accommodative fluctuations, light scatter and 
ametropia degrade the image by reducing contrast and limiting the range of 
spatial resolution (Sawides et al., 2010, Elliott et al., 2011, de Valois and de 
Valois, 1990).  The visual system is able to compensate for and adapt to  
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optical blur to help maintain perceptual constancy (Elliott et al., 2011).  
Adaptation to spherical blur is quantified through an improvement in VA and 
changes to contrast sensitivity (Mon-Williams et al., 1998, Cufflin et al., 
2007b, Wang et al., 2006, Rosenfield et al., 2004, Rajeev and Metha, 2010).  
Induced astigmatic blur instigates an orientational shift of best focus in the 
opposite direction to the adapting axis of astigmatism.  Increasing the 
magnitude of astigmatic blur also modifies the threshold (Sawides et al., 
2010).  These lower-order aberrations are generally corrected refractively, 
but under-correction of both spherical and astigmatic error demonstrates 
successful adaptation to this type of aberration (Sawides et al., 2010).  
Equally, the visual system is able to overcome the deleterious effect of 
higher-order aberrations.  Neural adaptation ensures that these aberrations 
have minimal impact on image clarity.  This adaptation also emphasises the 
dynamic characteristics of adaptive processes, as higher-order aberrations 
change with visual demand and yet image quality remains relatively stable 
(Artal et al., 2004).    
 
Adaptation to blur also impacts on the judgement of best focus under clear 
viewing conditions.  After a brief exposure to blurred images, observers 
perceived as clear, images that were in fact slightly blurred.  Blur adaptation 
had shifted their point of best focus towards a greater tolerance of blur 
(Bilson et al., 2005).  A shift of this nature is considered to be a 
‘renormalisation of perceived focus’ (Elliott et al., 2011), with which the 
adapting image appears as neutral and everything else is judged as either  
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blurred or more sharply focused by comparison.  This process is dynamic 
because the same shift can also occur in the opposite direction if the 
adapting image is sharpened (Webster et al., 2002). 
 
The after-effect of prolonged blur adaptation has not been considered in 
previous studies, where the benchmark of successful adaptation were VA 
gains or contrast sensitivity changes under blurred conditions (Mon-Williams 
et al., 1998, Rajeev and Metha, 2010, Rosenfield et al., 2004, Cufflin et al., 
2007b).  In Chapter 5, an evaluation of the PR-VEP under clear viewing 
conditions immediately following blur adaptation (the ‘recovery’ condition) 
revealed that amplitudes, in particular that of the P200 component, were 
perhaps larger than their pre-adaptation counterparts.  This was consistent 
with the renormalisation hypothesis (Elliott et al., 2011).  The objective of this 
study was to re-examine the post-adaptation period using PR-VEP, to 
assess the development of this after-effect, particularly in terms of magnitude 
and duration.  With the aid of sequential PR-VEP recording, this study also 
provided an opportunity to evaluate the adaptive period itself to gain insight 
into the development of the adaptive effect with reference to magnitude and 
time course.  A parallel study examined these parameters by measuring VA 
through the adaptation period.  
7.2 Methods 
 7.2.1 Participants 
Ten observers from the Bradford School of School of Optometry and Vision  
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Science gave informed consent to participate in the study.  All were free from 
ocular pathology with corrected visual acuity of at least 0.0 log MAR.  The 
study cohort was comprised of five myopes and five non-myopes (4 
emmetropes and 1 hyperope).  The refractive range of the emmetropes was 
an SER between – 0.75 and + 0 .75 DS with astigmatism not exceeding – 
0.75 DC.  The SER of the hyperopic and myopic participants was exceeded 
+0.75 DS and -0.75 DS respectively.  Details of median age, mean SER and 
refractive error ranges are set out in table 7.1. 
 
Table 7.1: Participant demographics 
REFRACTIVE 
GROUP 
MEDIAN AGE  
(& RANGE) 
(years) 
SER (D) ± 1 SD 
SER RANGE (DS) Right Eye Left Eye 
Emmetrope 21 (20 – 42) +0.06 ± 0.13 +0.13 ± 0.25 R: 0.00 to +0.25 L: +0.00 to +0.50 
Hyperope 29 (29) +3.88 +3.88 R: +3.88 L: +3.88 
Myope 40 (20 – 53) -4.68 ± 3.45 -4.75 ± 4.06 R: -8.88 to -1.13 L: -9.50 to -0.50 
ALL 29 (20 – 53) -1.93 ± 3.87 -1.94 ± 4.17 R: -8.88 to +3.88 L: -9.50 to +3.88 
 
 7.2.2 PR-VEP 
PR-VEPs were recorded from each subject  using  9mm Ag/AgCl electrodes 
(Biosense Medical, Chelmsford, UK) with the active electrode placed at Oz, 
the reference electrode placed at Fz (see figure 2.8, chapter 2) and the 
ground electrode on the forehead. Impedance was maintained below 5 kΩ 
and signals were amplified (gain = 20,000x) and filtered (bandwidth = 0.312 
to 100 Hz) using an Espion2 system (Diagnosys LLC, Lowell, MA, USA). The 
signals were digitised at 1000Hz and each recording epoch was 500 ms long  
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and contained 2 reversals of the checkerboard stimulus. Each waveform 
analysed was the average of at least 60 sweeps. Any epochs containing 
significant blinks or eye-movement artefacts were manually rejected. 
 
The stimulus used to generate PR-VEPs was a high contrast (95.3%) 
checkerboard with a mean luminance 98 cd/m2. This was generated on a 22” 
CRT (Elonex MNO19COM V999) with a frame rate of 60Hz using the Espion 
2 Pattern Stimulus Generator with 8-bit luminance control.  PR-VEP 
acquisition was triggered by every second reversal of the stimulus with each 
reversal occurring every 250 ms. 
 
The subject viewed a stimulus of check size 22.68’ binocularly at a distance 
of 114 cm in a darkened room.  This check size was representative of the 2 
check sizes at which the largest PR-VEP responses were seen in the PR-
VEP experiment described in chapter 5. 
The stimuli were presented under 4 viewing conditions: 
1. ‘clear’ : with optimal distance refractive correction; 
2. ‘blur-adapt – initial phase’: the refractive correction was modified 
by 2 D of myopic defocus.  Following this recording the blurring 
lenses were left in situ to allow the participant to continue adapting.  
The participant continued to look at the checkerboard pattern 
presented on the screen during this time.  The total blur adaptation 
time was 30 minutes. 
3. ‘blur-adapt – end phase’: a second recording was made under  
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defocused conditions in the final phase of the adaptation period. 
4. ‘clear – recovery’: the blurring lens was removed and the subject 
viewed the checkerboard in their optimal distance refraction once 
more.   
The purpose of this session was to evaluate the after-effects of blur 
adaptation on the VEP response. 
 
In each viewing condition the VEP response was recorded for a total of 5 
minutes.  Each recording was comprised of ten 30-second periods during 
which the VEP response was measured, averaged and produced 10 
sequential recordings (see figure 7.1a).  In the blur adaptation period the 
‘initial phase’ recording corresponded to the first 5 minutes of adaptation 
immediately after the introduction of defocus.  The ‘end phase’ recorded the 
VEP response in the last five minutes of the end of the blur adaptation period 
– the recording was started after a total of 25 minutes of adaptation. 
7.2.3  Visual Acuity 
A computerised program, Test Chart 2000 (Thomson Software Solutions, 
Hatfield, Hertfordshire, UK) was used to measure VA.  The program was run 
from a standard computer and displayed on an LCD monitor (mean 
luminance: 156 cd/m2; resolution: 1280 x 1024) (NEC AccuSync LCD 73V, 
NEC Display Solutions UK Limited, Hertfordshire, UK) through a standard 
VGA connection.  The mean background illuminance was 305 lux.  The chart 
presented British Standard optotypes.  The key advantage to using this 
system was chart randomisation, which eliminates letter memorisation by the  
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participant. 
 
The observer sat 6 metres away from the chart.  Refractive error was 
corrected with full aperture trial lenses inserted into a trial frame.  During blur 
adaptation, the observer viewed the acuity chart binocularly.  A black 
occluder was inserted in front of the left eye 10 seconds before each VA 
measurement to accustom the observer to monocular fixation.  VA was then 
measured monocularly in the right eye.  The observer read all the letters 
presented on the screen until 3 or more letters on a line were incorrectly 
identified (Falkenstein et al., 2008).   
 
Baseline VA measurements were taken with optimal distance refractive 
correction and immediately upon insertion of the blurring lens.  Subsequent 
measurements were made at 2-minute intervals for 20 minutes.  A final VA 
was measured post-adaptation, when the blurring lens was removed.  This 
process was repeated with +1 DS and +3 DS of induced defocus.  The 
measurements of the 2 blur levels were taken at least 24 hours apart.  The 
order of presentation of blur levels was randomised. 
 7.2.4  Data Analysis 
An example of 10 sequential PR-VEP recordings for one observer is shown 
in figure 7.1a.  To reduce intra-subject variability, the VEP responses were 
averaged into one-minute intervals giving a set of five recordings for each 
individual in each viewing condition as shown in figure 7.1b.  Analysis was 
conducted on the first 2 components of the VEP (N75 - P100 and N135 - P200)  
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(figure 2.9, chapter 2).  VEP amplitudes and peak times were converted into 
logarithmic scores to facilitate parametric statistical analysis with repeated 
measures ANOVA, performed in SPSS software (v. 19.0) (IBM Corporation, 
New York, U.S.A.). 
 
VA measurements were recorded as log MAR scores and analysed with 
repeated measures ANOVA using SPSS (v. 19.0).   
7.3 Results 
The experimental data were analysed separately: blur adaptation after-effect 
on clear vision (baseline ‘clear’ versus ‘clear – recovery’ viewing conditions);  
  
Figure 7.1: Sample of sequential PR-VEP recording: 
 a. 10 500 ms intervals; b. 5 averaged 1-minute intervals (observer JH)   
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onset of blur adaptation with PR-VEP and onset of blur adaptation with VA.  
Two subjects were excluded from the analysis.  For one observer the blur 
adaptation VEP data could not be determined from their recordings – their 
data was masked by 50Hz noise signal.  Neither amplitude nor latency data 
could be extracted from the recordings.  The second observer demonstrated 
better acuity and VEP outputs with blur than under clear viewing conditions.  
The following results were therefore based on 8 observers. 
7.3.1 Onset of Blur Adaptation Measured with PR-VEP 
The PR-VEP amplitude became attenuated with the introduction of 2 DS of 
myopic defocus in both the early and late components.  For both the P100 and 
P200 amplitudes the mean decrease of was 5 μV from baseline 
measurements (P100: clear amplitude = 12.9 μV / blur adapt initial phase 
amplitude = 7.8 μV;  P200: clear amplitude = 7.1 μV / blur adapt initial phase 
amplitude = 2.1 μV)  (figure 7.2).  The amplitude of both positive components 
decreased over the first 3 minutes of adaptation and began to recover after 
this time – this change was more apparent in the P100 than the P200 
component (figures 7.3 and 7.4; table 7.2). 
 
During the 30-minute blur adaptation period, the P100 amplitude increased 
significantly: the mean amplitude recorded in the end phase of blur 
adaptation was 1.57 μV greater than the initial-phase mean amplitude 
(repeated measured ANOVA: F (5, 35) = 9.50; p < .001) (table 7.2).  The time 
to peak deflection increased by 13 ms with the introduction of blurred 
conditions and remained at this level throughout the adaptation period. 
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The P200 amplitude however did not increase during the 30-minute blur 
adaptation period.  After the small growth towards the end of the initial 
phase, the group mean amplitude decreased and the mean was 0.67 μV 
lower in the end phase compared to the first five minutes.  The peak of the 
component was at times difficult to identify.  The latency of the peak was also 
shortened by 11 ms when blur was introduced, however due to large 
individual variation, this was not statistically significant.  When the blurring 
lens was removed, the magnitude of amplitude increase was significantly  
  
Figure 7.2: Group mean PR-VEPs showing: a. the initial (0 – 5 mins.)  
and b. the end phase (26 – 30 mins.) of blur adaptation.   
The baseline clear group mean is shown in the initial phase graph for comparison. 
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greater at P200 than at P100: 6.5μV and 1.6 μV respectively (repeated 
measures ANOVA: F (1, 7) = 5.5; p = .05). 
Table 7.2: Group mean P100 and P200 amplitudes (μV) and SD for the 
initial and end phases of the blur adaptation period 
  Blur Adapt - Initial Phase 
  1 min 2 min 3 min 4 min 5 min 
P100 Mean 8.13 7.17 6.45 9.34 8.03 
SD 2.87 3.24 6.13 2.15 2.39 
            
P200 Mean 2.78 2.87 1.46 1.52 1.95 
SD 1.96 2.91 2.98 1.89 2.84 
            
  Blur Adapt - End Phase 
  26 min 27 min 28 min 29 min 30 min 
P100 Mean 9.77 9.71 9.38 8.73 9.37 
SD 2.79 3.11 3.43 3.16 2.31 
            
P200 Mean 1.39 1.19 0.88 2.71 1.07 
SD 1.98 2.85 3.03 4.57 3.45 
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Figure 7.3: Group mean P100 amplitudes during blur adaptation period.   
Baseline clear amplitude shown for reference.  Error bars indicate ± 1 SD  
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7.3.2 Onset of Blur Adaptation Measured with VA 
Visual acuity had decreased significantly with the introduction of both +1 DS 
and +3 DS defocus (table 7.3).  Changes to VA occurred rapidly in the early 
stages of blur adaptation.  For both levels of defocus most VA improvement 
was made during the first four minutes:  from 0.23 to 0.18 log MAR at +1DS 
and from 0.88 to 0.75 log MAR at +3 DS (figures 7.9 and 7.10).  For the 
remainder of the adaptation time, the VA increments were smaller, gaining 1 
to 3 or 4 letters at a time.  At the higher level of defocus, these fluctuations 
eventually stabilised to a mean of 0.71 log MAR by the 16th minute and 
remained at this level until the end of the observation period.  With +1DS of 
defocus, VA continued to fluctuate throughout the entire blur adaptation 
period and the final acuity at the end of 20 minutes was 0.11 log MAR.  This 
level of VA had already been achieved by the 12th minute, but a stable  
  
Figure 7.4: Group mean P200 amplitudes during blur adaptation period.   
Baseline clear amplitude shown for reference.  Error bars indicate ± 1 SD  
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plateau could not be maintained across 2 or 3 measurement points as it had 
with +3 DS defocus (see table 7.3).  The VA measured at the 20th minute 
was significantly better than at the start of the blur adaptation period: with +1 
DS of defocus, F (1, 7) = 6.63; p = .037 and with +3 DS of defocus, F (1, 7) = 
35.46; p = .001 (repeated measured ANOVA).  
 
Table 7.3: Mean VA measured under clear and 
blurred conditions. 
Viewing Condition 
& Time (mins.) 
+1 DS 
Defocus 
+3 DS 
Defocus 
VA  
(log MAR) 
VA  
(log MAR) 
Clear -0.13 -0.15 
Blur 0 0.23 0.88 
Blur 2 0.22 0.76 
Blur 4 0.18 0.75 
Blur 6 0.19 0.73 
Blur 8 0.14 0.73 
Blur 10 0.15 0.70 
Blur 12 0.10 0.73 
Blur 14 0.14 0.69 
Blur 16 0.11 0.71 
Blur 18 0.15 0.71 
Blur 20 0.11 0.71 
Clear -0.15 -0.14 
 
The data were fitted to the exponential decay function:  
ݕ ൌ ݉ଵ ൅݉ଶ ൈ ݁ሺି௠య௫ሻ 
 
where m1 represented at which VA plateaued under blur adaptation; ͵ was 
the VA at the point at which blur was introduced and ʹ represented the rate 
of VA improvement.  The time taken to achieve this level of improvement 
with each defocus level represented the time to adaptation.  The data for +1 
D and +3 D are plotted in figures 7.5 and 7.6 respectively.  
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Figure 7.6: Mean VA changes during adaptation to +3 DS of 
defocus.   (Error bars indicate ±1 SD.)   
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Figure 7.5: Mean VA changes during adaptation to +1 DS of 
defocus.   (Error bars indicate ±1 SD.)   
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The value of ʹ for +1 D of blur adaptation was 0.16 log MAR (R2 = 0.93) 
and for +3 D of blur adaptation 0.12 log MAR (R2 = 0.91).  Using these 
parameters blur adaptation is achieved after 2 minutes of the imposition of 
+3 D of defocus, but +1 D, full adaptation was not achieved within the 20 
minute period over which the VA scores were measured. 
7.3.3 Blur Adaptation After-Effect on Clear Vision 
Following a period of 30 minutes’ blur adaptation and with the blurring lens 
removed, an increase in both amplitude and latency were observed in the 
PR-VEP late component (P200).  The late wave amplitude grew gradually 
over the 5-minute recording period.  The mean group baseline amplitude of 
7.13 μV increased to 7.9 μV by the end of the 1st minute post-adaptation and 
9.08 μV by the fifth minute (see figures 7.7 and 7.8).  An increased P200 
amplitude was recorded at all but one of the time intervals (figure 7.8) and 
the change in amplitude was statistically significant from baseline (repeated 
measures ANOVA: F (1,39) = 9.67; p = 0.003). 
  
Figure 7.7: Group mean PR-VEP pre- and post-adaptation clear viewing conditions  
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In contrast, the early component of the PR-VEP (P100) did not recalibrate to 
its baseline levels: the mean amplitude remained attenuated throughout the 
entire post-adaptation phase (figure 7.9).  The P100 component diminished by 
> 3 μV from a pre-adaptation mean of 12.944 μV to 9.78 μV at 5 minutes 
post-adaptation and the peak of the deflection was delayed by 4 ms (figure  
  
Table 7.4: Group mean amplitudes and SD for clear viewing conditions pre- 
(baseline) and post-adaptation (recovery) 
    1min 2min 3min 4min 5min 
P100 Baseline 13.26 12.73 13.35 12.72 12.67 
  SD 5.93 4.23 5.23 5.59 5.62 
  Recovery 11.31 11.02 11.96 10.65 9.78 
  SD 4.98 5.44 5.66 5.82 5.68 
  
P200 Baseline 6.88 5.94 7.35 7.38 8.10 
  SD 6.63 6.81 8.75 7.06 7.87 
  Recovery 7.99 6.70 7.93 8.13 9.08 
  SD 7.30 7.58 7.96 7.92 7.98 
Figure 7.8: Group mean P200 amplitudes for clear viewing conditions comparing 
pre- (baseline) and post-adaptation (recovery).  Error bars indicate + 1 SD  
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amplitudes fell by a mean of 5 μV.  This value was representative of the 
group as the decrease in amplitude in the first minute of defocused viewing 
conditions ranged between 0 and 14 μV and continued in a similar way over 
the 5-minute recording period in the blur-adapt initial phase.  Similarly the 
amplitude responses recorded in the end-phase of blur adaptation ranged 
between 0 and 4 μV for the majority.  The post-adaptation clear (recovery)  
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Figure 7.12: Group mean and individual P200 responses in post-adaptation  
optimal viewing conditions (‘clear-recovery’) 
0
5
10
15
20
25
1min 2min 3min 4min 5min
Am
pl
itu
de
 (μ
V)
Time 
P100 Group Mean Participant P100
Figure 7.11: Group mean and individual P100 responses in post-adaptation  
optimal viewing conditions (‘clear-recovery’) 
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responses for both P100 and P200 (figures 7.11 and 7.12) remain relatively 
stable and are well represented by the group mean value.    
 
Blur adaptation increased the latency of the peak deflections in the late 
component (N135 and P200).  The time to peak amplitude became longer 
during the post-adaptation phase, particularly at P200, where 5 minutes after 
adaptation, the peak deflection occurred 20 ms later than the pre-adaptation 
mean whilst the peak time for the preceding negative component, N135, 
occurred 7 ms later than baseline (repeated-measures ANOVA: F (1,79) = 
27.29; p < 0.001).  Figure 7.13 illustrates how the post-adaptation latency  
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Figure 7.13: Group mean times to peak deflection for P100, N135 and P200 components 
comparing pre- (baseline) and post-adaptation (recovery) periods. 
(The red lines indicate the progression of the time to peak deflection between 
baseline the recovery period) 
202 
 
developed over time (the red lines indicate the shift in peak time during the 
course of the recovery time) .   
 
7.4 Discussion 
This study has shown that adaptation to blurred conditions can occur within 
minutes, but through continuing retuning, the visual system seeks to 
maximise the quality of the percept.  The presence of electrophysiological 
after-effects of blur adaptation has also been repeated.  
 
Electrophysiological evidence suggests that adaptation to a specific condition 
causes an increase in VEP response amplitudes for the first few reversals, 
after which the response begins to decline for the remainder of the 
stimulation period (Heinrich and Bach, 2001a).  This pattern of response 
habituation may be abnormal in observers with retinal or cortical processing 
dysfunction, for example migraine sufferers (Afra et al., 1998).  The VEP 
response to blur adaptation does not appear to follow the ‘normal’ model, as 
illustrated by the P100 amplitudes.  With the introduction of blur, the initial 
decline in amplitude was replaced by a gradual increase, achieving a stable 
plateau in the end phase of adaptation, at an amplitude greater than that 
recorded at the beginning of the blur adaptation period.  A response of this 
nature suggests that the objective of blur adaptation is not to become 
habituated to the prevailing conditions and reduce response levels, but 
instead to maximise the visual information extracted from the incoming signal 
(Wainwright, 1999). 
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The increase in P100 amplitude suggests that the visual system was actively 
readjusting spatial frequency sensitivity to improve resolution during the 
adaptation period.  In the same way VA gains were also observed.  The 
increments in both amplitude and acuity were small, but eventually led to a 
perceptible improvement (figure 7.11 and table 7.3).  The exact mechanism 
of spatial recalibration is unclear.  Mon-Williams et al (1998) suggest that a 
depression of medium spatial frequency channels allows an increase in low-
contrast high spatial frequency information.  Elliott and colleagues (2011) 
propose that spatial sensitivity adjustment is more broadband rather than 
frequency-selective.  However it may also be possible that spatial sensitivity 
recalibration is influenced by signal to noise ratio (SNR) (Wainwright, 1999).  
The hypothesis of information maximisation proposes that a low SNR may be 
responsible for a reduction in sensitivity.  If a particular channel is swamped 
by noise causing a low SNR, then the visual system may reduce that 
channel’s sensitivity to diminish the impact of the noise on processing 
efficiency (Wainwright, 1999).  In the case of blur adaptation, the sensitivity 
of high spatial frequency channels could be reduced relative to that of lower 
frequency channels, which may elevate the SNR of lower frequency 
channels thus augmenting the VEP signal under defocused conditions.  
 
The time required to achieve these changes suggests that blur adaptation is 
a slow process relative to other adaptations (Wark et al., 2009).  The 
progress of VA changes indicates that the more noticeable changes take 
place within the first 2 to 4 minutes after which there is a period of smaller- 
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scale readjustment or calibration before a relatively stable level is achieved.  
This was particularly evident for the VA changes under +3 DS of defocus 
during blur adaptation.  These small fluctuations suggest that the visual 
system was actively seeking to improve resolution through minor gains and 
eventually a plateau is reached at which the response was saturated.  This 
timescale and pattern of response to blur adaptation may be modified by a 
number of factors worthy of consideration. 
  
Firstly, the time course of adaptation will be strongly influenced by individual 
variability: examination of standard deviations around the group mean VA 
scores (figures 7.5 and 7.6) or VEP amplitudes (tables 7.2 and 7.4) indicates 
the level of inter-subject variance observed.  The extent to which an 
individual adapts to blur has been linked to their tolerance of blur – those 
who do not perceive blur as readily are considered more tolerant and more 
likely to adapt successfully (Vera-Diaz et al., 2010).  Therefore those who are 
less tolerant may demonstrate more variance.  It is important to emphasise 
that much of the variation seen in this study may be created by the variation 
in amplitudes recorded from individual participants.  For example the range 
of amplitudes for the baseline P100 response varied between 23 and 5 μV.  
That is not to say that either of those individual amplitudes is better or worse 
than the other – the magnitude of the normal response is highly variable 
(Odom et al., 2010).  Secondly the response to induced defocus is also 
variable and as with other blur adaptation responses (high contrast VA and 
contrast threshold in chapter 4) the magnitude of response to defocus does  
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not determine the magnitude of response following blur adaptation.  The VEP 
amplitudes recorded in this experiment indicate that the amplitude increment 
in response to blur adaptation may be small, but nonetheless statistically 
significant.  The VEP recorded over time in this experiment shows that even 
under defocused conditions the response is stable – defocus does not seem 
to instigate a greater level of fluctuation and most of the variability probably 
comes from the difference between individual’s amplitudes.  As seen in 
chapter 5 the VEP response observed may also be dependent on the 
interaction between the check size and level of adapting defocus used.  In 
chapter 5 the response of the smaller check sizes may have been inhibited 
by the level of defocus.  Blur adaptation may be inhibited by too much 
defocus – understanding these parameters merits further investigation.  It 
may also be possible to adapt to increasing levels of defocus to overcome 
this, but whether this would be of any benefit is debatable.      
 
However, the magnitude of blur induced may influence the adaptive process.  
It is suggested that a greater change in contrast levels, for example, induces 
a faster adaptive response with less variability (Wark et al., 2009, Porciatti 
and Ventura, 2009).  This difference was seen in the VA measures for +1 
and +3 DS: for the higher levels of defocus blur adaptation was achieved 
after 2 minutes’ defocus, whereas the variance continued to the end of the 
20-minute period when adapting to +1 DS of defocus.  The higher level of 
defocus was potentially sending stronger signals to stimulate adaptation.  
Finally, the stimulus pattern may influence the success of adaptation.  Elliott  
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et al (2011) suggest that once the visual system has adapted to an image 
with a particular amplitude spectrum, that image becomes equivalent to a 
blank adapter, which will not instigate any further adaptation.  This may 
explain why in the VEP experiment there was no increase in P200 amplitude 
during adaptation, as had been seen previously.  In that experiment the 
reversing checkerboard was used as the stimulus before and after 
adaptation, whilst watching broadcast TV pictures, rich in spatial detail were 
the adapter.  In the current study, the reversing checkerboard was used as 
both adapter and test stimulus and consequently may not have provided 
sufficient stimulation to initiate an adaptive response. 
  
Paradoxically the after-effect of blur adaptation was most evident at the P200 
component of the VEP.  This after-effect is consistent with previous findings 
and with the findings of both Webster et al (2002) and Elliott et al (2011), 
who both demonstrated that blur adaptation shifted the point of best focus to 
give a greater tolerance of blur, which in turn made optimally focused images 
more sharp thus renormalising perception.  Webster and colleagues 
emphasised that the shift of best focus advantaged the perception of blurred 
images.  The increased amplitude of P200 in post-adaptation optimal viewing 
indicates that the recalibration also impacts on clear vision.  If the visual 
system recalibrates over a period of minutes to adjust to blurry conditions, it 
would therefore follow that the retuning effect is still present after blur is 
removed, leading to an increase in amplitude compared to baseline.  The 
P200 amplitude continued to increase through the post-adaptation phase  
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indicating an even sharper tuning of spatial resolution, which may be 
synonymous with a return of higher spatial frequency sensitivity.  Recording 
was terminated after 5 minutes, therefore it is not possible to determine for 
how long this after-effect would be present.  It is likely that the amplitude 
would eventually return to baseline levels.  An estimation of the time required 
to recover to baseline levels is difficult and susceptible to individual variation, 
although it is known that the duration of adaptation influences the length of 
recovery time (Greenlee et al., 1991).  Further examination of this is 
recommended.    The presence of the after-effect may also be indicative of a 
chronic state of blur adaptation in low-myopes who do not wear their 
spectacles on a regular basis – as they are constantly ‘topping up’ their blur 
adaptation.  However their ability to navigate without spectacles permanently 
could be influenced by their tolerance to blur levels – again this is a matter 
requiring further analysis. 
 
Blur adaptation does not instigate permanent changes to visual perception.  
As with other adaptive processes, the changes incurred are small and 
transient and vary with the individual and stimulus.  The response to blur 
adaptation suggests that the visual system seeks to maximise resolution 
capability.  Finally, the adaptive process serves to highlight that the visual 
system is able to interpret and respond to a blurred signal with great subtlety, 
discerning between the need for neural recalibration and an accommodative 
or emmetropising response (Wallman and Winawer, 2004).     
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CHAPTER 8 
Measuring Choroidal Thickness Before and After Blur Adaptation  
8.1 Introduction 
The choroid is characterised by its rich vascular structure, whose primary 
function is metabolic support of the retina (Foulds, 1990, Margolis and 
Spaide, 2009).  The multilayered network of vessels located beneath the 
retinal pigment epithelium (RPE), is set within the boundaries of Bruch’s 
membrane and the lamina fusca sclerae.  The vascular choroidal layers: the 
choriocapillaris, Sattler’s and Haller’s layers are each characterised by 
distinct melanocyte density and vessel size and shape.  The vessels 
originate from the short posterior ciliary arteries which enter through the final 
choroidal layer – the avascular lamina supra choroidea (Povazay et al., 
2009, Motaghiannezam et al., 2012).  Mean sub-foveal choroidal thickness is 
approximately 300 μm.  Thickness measurements vary between individuals 
and according to retinal location: choroidal thickness is greatest centrally and 
decreases more rapidly in the nasal than in the temporal direction 
(Motaghiannezam et al., 2012, Ikuno et al., 2011, Margolis and Spaide, 
2009). 
 
Features of the choroid’s anatomy and physiology hallmark its specialised 
function.  The distance between the inner retina and the choroidal support 
system is unusually large, and brings optical benefit.  But in order to meet the 
metabolic demands of the retina, choroidal blood flow is higher and substrate  
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levels are found in greater concentrations than in other parts of the human 
body (Bill and Sperber, 1990).  Equally, increased oxygen tension creates a 
steeper oxygen gradient to maintain sufficient flux across the required 
perfusion distance (Linsenmeier and Padnick-Silver, 2000, Longo et al., 
2000, Bill and Sperber, 1990, Lovasik et al., 2005).  Finally choroidal 
thickness has demonstrated a diurnal variation, and is at its thickest in the 
morning.  The magnitude of thickness variation over the day is thought to 
correlate with age, refractive error, axial length and systemic blood pressure 
(Tan et al., 2012). 
 
The choroid has also been implicated in the development of refractive error 
and axial length changes (Wallman and Winawer, 2004).  The process of 
emmetropisation aims to match the length of the eye to its focusing 
properties (Smith, 1998).  Exposure to myopic or hyperopic defocus leads to 
a relative increase or decrease in axial length in young chicks and primates.  
The exact mechanism of axial length alteration is not entirely understood, but 
in animal studies at least, these changes also include a choroidal response, 
whereby a thickening or thinning occurs depending upon the nature of 
defocus imposed (Wallman et al., 1995, Zhu et al., 2005, Diether and 
Wildsoet, 2005). 
 
The optical coherence tomographer (OCT) provides a high-resolution in vivo 
cross-section image of the retina, and has become an indispensable tool for 
diagnosing and monitoring retinal pathology (Ikuno et al., 2011).  But due to  
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light scattering and increasing signal loss, quality images of the choroid still 
remained unattainable with standard Spectral Domain OCTs (Wong et al., 
2011).  Previously the choroid had been most commonly evaluated by 
methods such as laser Doppler flowmetry, (Lovasik et al., 2005) ultrasound 
or partial coherence interferometry (Brown et al., 2009).  The gold standard 
was indocyanine angiography (Regatieri et al., 2012).  The development of 
enhanced-depth imaging and other similar techniques with OCT has finally 
permitted the capture of in-vivo images of the choroid (Spaide et al., 2008, 
Shin et al., 2012, Manjunath et al., 2011).   
 
Enhanced-depth OCT imaging provides an opportunity to study the effect of 
blur adaptation on the choroidal structures.  Read, Collins and Sander (2010)  
recently reported that with lens-induced myopic defocus, an increase in 
choroidal thickness was detected in a group of young myopes following 60 
minutes’ exposure to blur.  Choroidal thickness (CT) was sampled with an 
optical biometer.  Visualisation of the choroid before and after blur adaptation 
with the help of OCT could allow a more accurate assessment of the effects 
of blur adaptation on the eye’s vascular tunic. 
8.2 Methods 
The 3D OCT-1000 Mark II (Topcon, Tokyo, Japan) was employed in this 
study to capture a 6 mm scan centred on the fovea.  The horizontal 7-line 
raster scan protocol was selected.  Additional activation of the ‘Choroid’ 
mode enables visualisation of the choroid by adjusting the reference mirror  
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position.   
  
Five such scans were generated for each participant in two viewing 
conditions: one as the baseline prior to blur adaptation and the other 
following a period of 45 minutes of blur adaptation.  During the blur 
adaptation period the participant watched a DVD film on a computer monitor 
situated 3 metres away from them.  They wore a trial frame with a pair of +3 
DS full-aperture trial lenses inserted so that the film was viewed binocularly.  
Upon removal of the trial frame and lenses at the end of the blur adaptation 
period, the second set of scans was performed immediately.  The participant 
was asked to wear the blurring lenses again to top-up the adaptation effect, if 
there was any delay between scans.  All OCT images were taken from the 
right eye only. 
8.2.1 Participants 
Ten members of the Bradford School of Optometry and Vision Science gave 
informed consent to participate in the study.  All volunteers had VA of at least 
0.0 log MAR and were free of all ocular pathology.  Their age and refractive 
error are presented in table 8.1. 
Table 8.1: Participant details 
REFRACTIVE 
GROUP N 
MEDIAN 
AGE 
(years) 
AGE 
RANGE 
(years) 
RE MEAN SER 
(D) ± 1 SD 
RE SER 
RANGE (D)  
Myope 5 38 20 – 57 -4.55 ± 3.34 -8.88 to -1.13 
Non-Myope 5 26 22 – 44 +0.63 ± 1.85 -0.75 to +3.88 
ALL 10 28 20 – 57 -1.96 ± 3.73 -8.88 to +3.88 
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8.2.2 Data Analysis 
Thickness measurements were determined using the in-built manual 
callipers found in the OCT software.  Choroidal thickness (CT) was 
measured from the posterior surface of the hyper-reflective line 
corresponding to the RPE to the chorioscleral interface (Fujiwara et al., 
2009).  As a further control of post-adaptive changes, an additional measure 
was taken of the retina from the inner-limiting membrane (ILM) to the anterior 
surface of the RPE (figure 8.1).  Eleven points were sampled: central 
thickness at the fovea; and at 500 μm intervals from the fovea in both the 
nasal and temporal directions to 2500 μm. CT and retinal thickness (RT) data 
were analysed using repeated measures ANOVA and linear regression in 
SPSS software (v. 19.0) (IBM Corporation, New York, U.S.A). 
  
CT 
RT 
Figure 8.1: Sample OCT scan with retinal and choroidal thickness  
measurement boundaries 
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8.3 Results 
Five OCT images in each viewing condition – baseline pre- and post-blur 
adaptation were successfully captured in all ten observers. The 
measurements taken up to 2500 μm from the fovea both temporally and 
nasally, showed the characteristic thinning of the choroid in both directions, 
but with greater thinning nasally than temporally.  CT was greatest sub-
foveally (figure 8.1).  The baseline mean CT data are presented in table 8.2. 
 
Following a period of 45 minutes’ adaptation to blur there was little change in 
CT (figure 8.2).  At all but two of the sampled points, the choroid was slightly 
thinner post-adaptation relative to baseline.  The mean decrease was 3 μm 
across the sampled area ranging from a 2 μm increase at 1500 μm  
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Figure 8.2: Group mean choroidal thickness before and after blur 
adaptation.  (Error bars indicate ±1 SD) 
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temporally to a 10 μm decrease at 2500 μm temporally.  CT changes in 
individuals ranged between a mean of 1 and 16 μm across the sampled 
area.  The mean and standard deviation of the individual changes are 
presented in table 8.3 and compared to the group mean values.  The post-
adaptation changes in CT were statistically non-significant from baseline 
(repeated measured ANOVA: F (1.9) = 3.1; p = .112).   
Table 8.2: Group mean choroidal thickness (μm) and post-adaptation difference 
Location Baseline  SD 
  
Post-
Adapt SD 
  
CT Change 
Post-Adapt vs. 
Baseline 
Temporal 
(μm) 
2500 219 36.31 209 38.81 -10 
2000 248 42.11 243 46.40 -5 
1500 256 49.56 258 49.82 2 
1000 258 40.89 257 45.83 -1 
500 266 46.13 262 49.12 -4 
Central 
(μm) 0 278 50.91 275 53.14 -3 
Nasal 
(μm) 
500 263 45.89 262 48.94 -1 
1000 247 45.76 245 49.17 -2 
1500 222 53.33 220 50.64 -2 
2000 194 50.28 189 50.10 -5 
2500 156 37.36 156 37.13 0 
 
 
 
 
 
 
 
 
 
 
  
Table 8.3: Comparison of group mean and mean of 
individual CT changes 
Location 
Group Mean CT 
Change Post-
Adapt vs. 
Baseline 
Mean (± SD) of 
Individual CT 
Changes Post-
Adapt vs. Baseline 
Temporal 
(μm) 
2500 -10 -16 ± 18.95 
2000 -5 -15 ± 27.33 
1500 2 -8 ± 28.64 
1000 -1 -7 ± 17.63 
500 -4 -8 ± 15.66 
Central 
(μm) 0 -3 -8 ± 21.15 
Nasal 
(μm) 
500 -1 -5 ± 14.17 
1000 -2 -5 ± 17.64 
1500 -2 -3 ± 14.76 
2000 -5 -6 ± 9.65 
2500 0 -1± 9.39 
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Retinal thickness increased with eccentricity both temporally and nasally.  
The baseline mean central foveal measure was 180 μm, and maximum RT 
was measured at 1000 μm: 313 μm nasally and 292 μm temporally (figure 
8.3).  Following blur adaptation a relative mean increase of 3 μm was found, 
ranging between a thinning of 1 μm centrally and at 2500 μm nasally to a 
thickening of 13 μm at 500 μm also nasally (tables 8.4 and 8.5).  These 
changes were not symmetrical to the CT post-adaptation changes.  As with 
CT, the pre- and post-adaptation RT change was not statistically significant 
(repeated measures ANOVA: F (1,9) = 2.88; p = .124). 
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Figure 8.3: Group mean retinal thickness before and after 
adaptation.  (Error bars indicate ±1 SD) 
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Table 8.4: Group mean retinal thickness (μm) and post-adaptation difference 
Location Baseline SD 
  
Post-Adapt SD 
  
RT Change 
Post-Adapt 
vs. Baseline 
Temporal 
(μm) 
2500 224 13.63 232 23.58 8 
2000 246 19.17 250 21.99 4 
1500 273 18.88 277 25.77 4 
1000 292 22.59 294 33.11 2 
500 261 26.07 265 31.42 4 
Central (μm) 0 180 26.35 179 27.65 -1 
Nasal (μm) 
500 261 34.84 274 35.96 13 
1000 313 23.55 316 28.08 3 
1500 300 18.32 302 22.56 2 
2000 275 16.75 277 18.69 2 
2500 260 29.76 259 23.62 -1 
 
 
Table 8.5: Comparison of group mean and mean of 
individual RT changes 
Location 
Group Mean RT 
Change Post-
Adapt vs. 
Baseline 
Mean (± SD) of 
Individual RT 
Changes Post-
Adapt vs. Baseline 
Temporal 
(μm) 
2500 8 8 ± 13.15 
2000 4 3 ± 7.86 
1500 4 4 ± 11.61 
1000 2 3 ± 10.62 
500 4 5 ± 6.90 
Central 
(μm) 0 -1 0 ± 7.51 
Nasal 
(μm) 
500 13 6 ± 12.79 
1000 3 4 ± 6.03 
1500 2 2 ± 11.10 
2000 2 2 ± 5.74 
2500 1 1± 14.04 
 
 
Choroidal thickness was also examined for dependence on RT, participant 
age and refractive error.  Using only central measurements, a weak inter-
dependence between choroidal and retinal thickness was found (linear  
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regression: R2 = .260; p < .001).  Stronger correlation was demonstrated 
between refractive error and CT (R2 = .586; p < .001).  Sub-foveal CT was 
thinner in myopes than in the non-myopic subset (mean thicknesses 239 μm 
and 325 μm, respectively).  Choroidal thickness decreased as the level of 
myopia increased at a rate of 10.8 μm per dioptre of myopia.  CT variation 
was less dependent on age (R2 = .173; p = .003), decreasing by 1.78 μm per 
year.  The combined effect of the two factors showed the greatest influence: 
R2 = .701; p = .000.  This was confirmed by examples from the cohort: the 
oldest participant was a myope and had the thinnest choroid (figure 8.4).  
The most myopic participant, who was in her third decade, had the thinnest 
choroid amongst her age peers (figure 8.5).  However the oldest non-myope 
did not have the thinnest choroid of the subset, indicating the weak effect of 
age as a univariate predictor (figure 8.4).     
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Figure 8.4: Sub-foveal CT as a factor of age incorporating  
cohort refractive error distribution  
R2 = 0.17 
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8.4 Discussion 
As a result of recent developments in OCT technology and the additional 
functionality of the Topcon SD-OCT it was possible to obtain in vivo images 
of the posterior eye that penetrate the light-absorbing barrier of the RPE to 
view the choroid.  This study has demonstrated the relative ease of obtaining 
such images to permit analysis of this ocular structure to the adaptive 
demands of the visual system.  As reported in other studies (for example 
Yamashita et al (2012)  and Tan et al (2012)) the choroid-sclera boundary at 
times remains difficult to identify.  Nonetheless it was possible to identify the 
vascular structure in all the scans performed for this study.   
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Table 8.4: CT data from previous OCT studies 
Study Authors OCT Central CT (μm) ± 1 SD 
CT change & 
age  
CT change & 
refraction 
Spaide et al 
(2008) 
Heidelberg 
Spectralis 318 - - 
Margolis & 
Spaide (2009) 
Heidelberg 
Spectralis 287 ± 76 -1.56 μm / year - 
Fujiwara et al 
(2009) 
Heidelberg 
Spectralis - -1.27 μm / year 
-8.7 μm / D of 
myopia 
Ikuno et al 
(2011) HP-OCT 354 ± 111 -4.32 μm / year 
-29.3 μm / D of 
myopia 
Yamashita et al 
(2012) 
Topcon 3D-
1000 269 ± 63.5 - - 
Shin et al (2012) Topcon 3D-1000 271 ± 51 -1.31 μm / year 
-13.62 μm / D 
of myopia 
 
The baseline CT measures and profiles are similar to those reported in 
previous studies, summarised in table 8.4.  Furthermore the inter-
dependence of CT on age and refractive error agrees with the findings 
reported by Shin and co-workers (2012) and also Fujiwara et al(2009).  In all 
cases refractive error was the more influential of the two factors.  This 
association is demonstrated in high myopes where CT becomes significantly 
compromised, compared to the normal population (Fujiwara et al., 2009, 
Nishida et al., 2012).  Although the present study group was small, the 
univariate effect of refractive error as well as the interaction of age and 
refractive error on CT were both evident.  Although myopes have thinner 
choroids than their non-myopic counterparts, Fujiwara and colleagues (2009) 
emphasise that the myopic choroid still offers enough physiological support 
to maintain good visual function in young adults and that perhaps it is the  
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age-related changes in choroidal thickness that exacerbate visual function 
changes.  It is uncertain at what point age begins to exert greater influence 
on CT.  
 
The implication in animal studies of choroidal involvement in refractive error 
development and eye growth (Wallman et al., 1995, Wildsoet and Wallman, 
1995) means that the choroid must be considered in human studies in these 
and related areas.  Therefore it is valid to consider the effect of blur 
adaptation on choroidal activity.  The choroid’s principal role is one of 
support to retinal metabolism, and as such, the choroid does not respond 
directly to the changing visual environment in the same manner as the retina 
(Bill and Sperber, 1990, Lovasik et al., 2005).  Choroidal mechanisms are 
perhaps more passive than reactive to maintain a homeostatic function 
rather than rapid response (Longo et al., 2000, Linsenmeier and Padnick-
Silver, 2000). 
 
Thus, within this context, perhaps a significant change to choroidal thickness 
as a result of blur adaptation should not be expected – a finding that 
contradicts that of Read and colleagues (2010).  The primary consideration 
in this is the measuring device: the OCT has captured a real image of the 
choroid and retina, whereas in Read et al’s study the choroid boundary was 
based on low coherence reflectometry peak analysis.  Strong correlation of 
both RT and CT measured by OCT and an optical low coherence 
reflectometry (OLCR) biometer has been reported (Read et al., 2011).  An  
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OLCR biometer offers the advantage of capturing axial length data at the 
same time as CT and RT.  However the OCT scan is superior in quality and 
resolution, and displays an image of the choroidal layers rather than an 
optical coherence peak analysis (Margolis and Spaide, 2009, Regatieri et al., 
2012).   
 
Secondly, blur adaptation is considered to be a neural process (Mon-
Williams et al., 1998) and therefore less likely to have any impact on the 
structures of the posterior eye.  In Read et al’s study (2010) the choroidal 
thickness changes were associated with an axial length response to the 
imposed defocus and considered to represent a localised response that was 
consistent with animal studies.  Axial elongation with associated choroidal 
and retinal stretching are consistent with myopia progression in humans, but 
not with the proposed mechanisms of adaptation.  Read et al did not observe 
any changes to retinal thickness.  Furthermore, an absence of a change in 
electrophysiological response in the retina (chapter 6) would suggest that 
any active local change including choroidal thickness variation is unlikely.   
 
Finally, the actual mechanism of choroidal thickness change has been given 
little consideration in this and other areas of interest and perhaps highlights 
further disparities between human and animal visual physiology.  In avian 
choroids the fluid filled lacunae have been associated with CT variation 
(Nickla and Wallman, 2010),  whereas in humans CT may be determined by 
the thickness of the large vessels in Haller’s layer and of the short posterior  
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ciliary arteries (Motaghiannezam et al., 2012). 
 
Despite the negative finding here, the choroid remains a structure of interest 
in the study of emmetropisation and response to blur caused by ametropia.  
Its metabolic independence from the retina means that choroidal responses 
to visual changes may not always be readily predicted.    
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CHAPTER 9 
Concluding Remarks 
 
The aim of this study was to evaluate the blur adaptation system in human 
vision using subjective and objective procedures.  The subjective methods 
were visual acuity and contrast sensitivity, which are the cornerstones of 
visual performance measurement.  The blur adaptation mechanism was 
assessed objectively with electrophysiological measures and OCT.  These 
experiments have highlighted a number of new findings. 
 
The principal aim of evaluating the VEP response to blur-adapted viewing 
conditions was to provide evidence that adaptation enhances the cortical 
response to a defocused signal.  This was evidenced by an increased 
response of the positive component amplitudes (P100 and P200).  The VEP 
response may be correlated with levels of visual acuity, therefore the 
increase in post-adaptation VEP amplitudes corresponded with previously-
reported improvements in VA following blur adaptation.  This does not rule 
out the involvement of other visual processing centres, but confirms that blur 
adaptation does indeed involve the visual cortical cells.  The late positive 
component (P200) has been linked to higher-level perceptual processing, 
which may indicate that higher-order centres contribute to blur adaptation 
also.  Further investigation of this may be possible using other imaging 
techniques, such as fMRI.  When the source of blur is removed the P200 
amplitudes were found to be greater than at baseline indicating the presence  
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of an after-effect of blur adaptation, which has also been observed previously 
in psychophysical experiments. 
 
A parallel evaluation of the retinal response using PERG has confirmed the 
absence of any adaptive response at the retina.  Other adaptive 
mechanisms, for example light and contrast adaptation, are active at this 
stage of visual processing, however the retinal response does not alter and 
remains attenuated in the presence of prolonged defocus.  Furthermore the 
absence of change in choroidal thickness following 45 minutes’ blur 
adaptation suggests that the choroid is not actively altered by a period of 
prolonged focus in adult vision.  Nonetheless a follow-up study is 
recommended to corroborate this finding in a larger cohort and to measure 
axial length simultaneously. 
 
The onset of an adaptive effect to defocus was measured with both VA and 
PR-VEP.  The electrophysiological response highlighted the individual 
variability of blur adaptation.  The VA measures demonstrated that under 
conditions of blur adaptation the largest improvements are seen within 
minutes of the introduction of defocus,  eventually reaching a plateau.  These 
effects were more apparent when a larger level of myopic defocus is 
imposed. 
 
The mechanism of blur adaptation is considered to be spatially selective.  
With the imposition of myopic defocus high spatial frequency channels  
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become attenuated.  Following a period of adaptation, it is hypothesised that 
the sensitivity of medium frequency channels is adjusted to unmask lower 
contrast high spatial frequency information.  However investigation of the 
effect of blur adaptation on parafoveal VA and on the contrast sensitivity 
function demonstrated that the effect was probably more broadband.  These 
experiments have shown that the sensitivity to all spatial frequencies is 
attenuated with the introduction of defocus with lower frequencies being least 
affected.  The adaptive increases were all relative to this attenuation.  High 
spatial frequencies will remain attenuated for as long as defocused 
conditions prevail, therefore the visual system is likely to maximise the 
information available from medium and lower spatial frequency channels. 
 
A few questions have arisen from this work.  This study has shown that the 
adaptation mechanism is not limited to central vision.  Visual gains are also 
made parafoveally, therefore the retinal periphery ought to be explored 
further.  Here the situation is more complex as resolution is limited by neural 
blur and the phenomenon of aliasing is thought to influence acuity, but an 
evaluation of the peripheral capability of adaptation to additional defocus 
would complete the retinal map of blur adaptation. 
 
Secondly there are questions about the effect of the magnitude of defocus 
imposed:  it seems that a higher level of myopic defocus has a clearer 
adaptive effect.  However the sudden imposition of a higher level of defocus 
may be too deleterious and may prevent the effect of adaptation taking  
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place.  Therefore is it possible to enhance blur adaptation by increasing the 
levels of defocus imposed in a controlled and gradual way?  This then raises 
the question of whether or not blur adaptation is a learned process – can 
someone who initially is unsuccessful at blur adaption be taught to adapt?  
Smith (1998) talked of an operating range in emmetropisation – there may be 
a similar range within blur adaptation.  It may be also worth considering 
whether the after-effect offers any longer-lasting perceptual benefits. 
 
This study should be considered within the context of blur perception and 
myopia development.  The majority of participants selected for each 
experiment were either myopes or emmetropes, as these groups 
demonstrate different responses to blur perception.  An analysis of data 
based upon refractive error classification was done in certain experiments 
and showed that there was no difference in terms of adaptive response, but 
that there is some variability in the response to the imposition of defocus 
which in turn influences the level of adaptation.  Blur is considered to be a 
stimulus to the development and progression of myopia and these findings 
pose further questions about the interaction of the functions of blur as a 
stimulus for refractive error development and neural recalibration within an 
adaptive mechanism.   
 
The effects of blur adaptation should also be considered in clinical work.  For 
example does the relatively rapid onset of adaptation to blur influence the 
outcome of binocular refraction?  A greater understanding of blur tolerance  
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and adaptation is useful when counselling patients experiencing problems 
due to age-related changes such as cataract.  Equally, knowledge of 
parafoveal blur adaptation may be useful to practitioners educating patients 
in eccentric fixation.     
 
Blur adaptation is a neural process by which the quality of the percept may 
be improved under prevailing conditions of defocus.  This study has found 
that an improvement of VA under defocused conditions occurs at the 
parafovea as well as at the fovea.  The compensatory mechanism that 
underpins this process is active across a range of spatial scales and the 
onset of adaptive effects may be measured within minutes of the introduction 
of defocus.  The level of response may be determined by the level of defocus 
imposed.   An enhancement of cortical response under defocused conditions  
and upon removal of defocus has been measured objectively.  There is 
evidence that blur adaptation may involve higher visual-processing centres, 
but neither the retina nor the choroid show evidence of involvement in the 
adaptation process.  
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APPENDIX 1 
List of Abbreviations 
 
cd/m2   candelas per squared metre 
cpd   cycles per degree  
CRT   cathode ray tube 
CS   contrast sensitivity 
CSF   contrast sensitivity function 
CT   choroidal thickness 
D   Dioptre 
DoF   depth of focus 
FrACT  Freiburg Visual Acuity and Contrast Test 
LCD   liquid crystal display 
LED   light-emitting diode 
log MAR  logarithm of Minimal Angle of Resolution 
ms   milliseconds 
μV   microvolts 
nm   nanometres 
PERG   pattern electroretinogram 
PR-VEP  pattern-reversal visual evoked potential 
RGC   retinal ganglion cell 
RT   retinal thickness 
SD   Standard Deviation 
SER   Spherical Equivalent Refraction 
VA   visual acuity 
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APPENDIX 2 
Formula for the identification of maximum and minimum deflections in 
PR-VEP and PERG responses 
 
The formula used for the identification of the maximum and minimum 
deflections permitted an objective assessment of the PR-VEP and PERG 
responses (chapters 5, 6 and 7).  Amplitude and times to peak deflection are 
generally selected by visual examination of the response, which may be 
prone to subjective bias. 
 
Participant responses recorded under different viewing conditions and with 
each pattern stimulus were analysed separately.  The averaged amplitudes 
were extracted from the recording software in 2 columns of data: the time of 
the recording in milliseconds and the corresponding amplitude.  A data set  
was imported into Excel.      
 
To identify the maximum deflection the following formula was entered: 
=IF((AND(C9-C8>0,C8-C7>0,C7-C6>0,C6-C5>0,C5-C4>0,C9-C10>0,C10-
C11>0,C11-C12>0,C12-C13>0,C13-C14>0)),C9,"") 
 
In this example the data in row C9 is being examined.  The formula reviews 
the 5 values above C9 and 5 values below C9.  The amplitude value in C9 
will be highlighted as a maximum deflection if it is greater than the 5 values  
examined above and below. 
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In a similar manner minimum deflection were identified as follows: 
=IF((AND(C13-C12<0,C12-C11<0,C11-C10<0,C10-C9<0,C9-C8<0,C13-
C14<0,C14-C15<0,C15-C16<0,C16-C17<0,C17-C18<0)),(C13),"") 
 
Here cell C13 will be identified as a minimum deflection if the 5 values above 
and below are greater than the value in this cell. 
 
The implicit time corresponding to the maximum or minimum deflection was 
presented in the neighbouring column.  At the point of data entry into Excel, 
the implicit time was in thousandths of a second, therefore the selected 
number was multiplied by 1000 to present the time in milliseconds: 
=IF((AND(C9-C8>0,C8-C7>0,C7-C6>0,C6-C5>0,C5-C4>0,C9-C10>0,C10-
C11>0,C11-C12>0,C12-C13>0,C13-C14>0)),(B9*1000),"")  
 
- in the example above the formula would select the implicit time 
corresponding to the amplitude value in cell C9 – if this number was 
positively identified as a maximum or minimum deflection. 
 
A line graph of the data was also produced to allow a verification of the 
identified peak and trough values.  The highlighted numbers represented all 
the peaks and troughs in the response, therefore those corresponding to N75, 
P100, N135 and P200 in the PR-VEP and N35, P50 and N95 in the PERG had to 
be identified.  
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Below is a sample of 300 milliseconds of data representing a PR-VEP 
response entered into the spreadsheet with a corresponding graph. 
Time Amplitude 
0 7.95765 
Peak 
value 
Peak Val 
lat 
Trough 
Value 
Trough val 
lat 
0.00391 8.24794 
 
 
0.00781 7.86935 #VALUE! #VALUE! #VALUE! #VALUE! 
0.01172 7.52154 #VALUE! #VALUE! #VALUE! #VALUE! 
0.01563 7.11419 #VALUE! #VALUE! #VALUE! #VALUE! 
0.01953 6.69414 
0.02344 6.27742 
0.02734 5.68881 
0.03125 4.95505 
0.03516 4.44436 
0.03906 3.85107 
0.04297 3.62298 
0.04688 3.34272 
0.05078 3.04306 
0.05469 2.36281 
0.05859 1.49327 
0.0625 0.47557 
0.06641 -0.51537 
0.07031 -1.22639 
0.07422 -2.01266 
0.07813 -3.18587 
0.08203 -5.10588 
0.08594 -7.51953 
0.08984 -9.54791 
0.09375 -10.3506 -10.35056 93.75 = N75 
0.09766 -9.51279 
0.10156 -6.7443 
0.10547 -2.47619 
0.10938 1.3916 
0.11328 4.033 
0.11719 4.95906 4.95906 117.19 = P100 
0.12109 4.06712 
0.125 1.89426 
0.12891 -1.30364 
0.13281 -4.83699 
0.13672 -8.30212 
0.14063 -11.5626 
0.14453 -13.9113 
0.14844 -15.3728 
0.15234 -15.7618 -15.76179 152.34 = N135 
0.15625 -15.2896 
0.16016 -14.0913 
0.16406 -12.3569 
0.16797 -10.4195 
0.17188 -8.45195 
0.17578 -6.42157 
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0.17969 -4.30323 
0.18359 -2.36783 
0.1875 -0.32976 
0.19141 1.95814 
0.19531 4.13768 
0.19922 6.12057 
0.20313 7.39144 
0.20703 8.06935 
0.21094 8.34693 
0.21484 8.06299 
0.21875 7.88574 
0.22266 7.82387 
0.22656 7.96868 
0.23047 8.36198 
0.23438 9.05628 
0.23828 9.81914 
0.24219 10.45223 
0.24609 10.87362 
0.25 10.94051 10.94051 250 = P200 
0.25391 10.75991 
0.25781 10.43116 
0.26172 10.20876 
0.26563 9.90141 
0.26953 9.50142 
0.27344 8.74759 
0.27734 7.55331 
0.28125 6.14365 
0.28516 4.75171 
0.28906 3.44941 
0.29297 2.37887 
0.29688 1.66818 
0.30078 1.04245 
0.30469 0.6642 
0.30859 0.47089 
0.3125 -0.3428 
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APPENDIX 4 
Participant information sheets for the  PR-VEP and PERG experiments 
Participant information and consent form             October 2008 
 
Blur adaptation and Visual Evoked Potential (VEP) 
 
Please take the time to read this information carefully before agreeing to take part in 
our research. Participation or non-participation in this experiment will have absolutely 
no effect on your course of studies. 
 
What is the purpose of the experiment? 
 
This experiment involves recording the electrical activity present in the visual cortex whilst 
viewing blurred images. This area is found at the back of your head. The experiment is being 
conducted by Dr Cufflin, Dr McKeefry and Dr Mallen. 
 
 
What will I need to do? 
 
You will be viewing a blurred picture for 30 minutes. At the start and end of this 30 minute 
period we will record your responses to black and white squares with blurred and clear 
vision. 
 
The responses will be recorded using four silver electrodes placed on the skin; one on each 
earlobe, one on the forehead, and one on the back of the head. The electrodes are stuck on 
with a water-based paste, and tape. This is painless and the paste will wash off easily after 
the experiment. Your responses are recorded passively while you view black and white 
squares in a ‘chess board’ pattern. 
 
How much time will the experiment take? 
The whole experiment, including setup, will last for one session of around 2 hours in 
duration. The experiment will be completed in room F18, Richmond building. 
 
You are free to leave the experiment at any time. All of the data collected will remain 
anonymous, and we will be working within the 1998 Data Protection Act. 
 
Should you have any further questions, please do not hesitate to contact Matt Cufflin at 
m.p.cufflin1@bradford.ac.uk or on telephone no. 01274 233798. 
 
Participant Consent 
 
I have read & understood the participant information.    Yes / No 
 
 
I have had the opportunity to ask any questions     Yes / No 
 
 
I agree to take part in the experiment entitled ‘blur adaptation and VEP’  Yes / No 
 
 
Signature:        Date: 
 
 
Name: 
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Participant information and consent form             October 2008 
 
Blur adaptation and Electroretinogram (ERG) 
 
Please take the time to read this information carefully before agreeing to take part in 
our research. Participation or non-participation in this experiment will have absolutely 
no effect on your course of studies. 
 
What is the purpose of the experiment? 
 
This experiment involves recording the electrical activity present at the back of the eye whilst 
viewing blurred images. The experiment is being conducted by Dr Cufflin, Dr McKeefry and 
Dr Mallen. 
 
What will I need to do? 
 
You will be viewing a blurred picture for 30 minutes. At the start and end of this 30 minute 
period we will record your responses to black and white squares with blurred and clear 
vision. 
 
The responses will be recorded using three electrodes placed on the skin; one on the 
forehead, and one on either side of the skin around your eyelids. These electrodes are stuck 
on with a water-based paste, and tape. This is painless and the paste will wash off easily 
after the experiment. A further disposable electrode will be resting in the ‘pouch’ created by 
your lower eyelid. This electrode is similar to a fine thread, and is designed to cause minimal 
irritation. Your responses are recorded passively while you view black and white squares in 
a ‘chess board’ pattern. 
 
How much time will the experiment take? 
 
The whole experiment, including setup, will last for one session of around 2 hours in 
duration. The experiment will be completed in room F18, Richmond building. 
 
You are free to leave the experiment at any time. All of the data collected will remain 
anonymous, and we will be working within the 1998 Data Protection Act.  
 
Should you have any further questions, please do not hesitate to contact Matt Cufflin at 
m.p.cufflin1@bradford.ac.uk or on telephone no. 01274 233798. 
 
Participant Consent 
 
I have read & understood the participant information.    Yes / No 
 
 
I have had the opportunity to ask any questions     Yes / No 
 
 
I agree to take part in the experiment entitled ‘blur adaptation and ERG  Yes / No 
 
 
 
Signature:        Date: 
 
 
Name: 
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Chapter 5: PR-VEP Amplitudes and Peak Times (Check size = 10')
Latency
MC NR CL LD AtM AK AH BD AM
Clear 1st Reversal N1 0.10156 -6.23915 0.10547 -1.74252 0.10547 -11.9607 0.10156 -10.4603 0.10547 -1.79512 0.07422 0.34946 0.10156 -1.29432 0.10156 -1.35598 0.10156 -2.4071
P1 0.12891 9.62185 0.125 2.4881 0.12891 9.87251 0.13672 7.68685 0.12891 6.91807 0.10156 6.71259 0.11719 0.30444 0.125 9.29285 0.13281 6.83982
N2 0.19141 -3.54411 0.16797 -3.63046 0.17969 -3.17437 0.19531 -4.611 0.19141 -3.46229 0.12891 -5.85044 0.13672 -3.03499 0.19141 -7.05566 0.20313 -3.8954
P2 0.26172 3.34039 0.24219 4.6455 0.24609 7.93945 0.25 3.14583 0.16406 4.18199 0.19531 2.94411 0.24609 3.86955 0.29688 1.98042
Amplitude N1 - P1 15.861 4.23062 21.83323 18.14715 8.71319 6.36313 1.59876 10.64883 9.24692
P1 - N2 13.16596 6.11856 13.04688 12.29785 10.38036 12.56303 3.33943 16.34851 10.73522
N2 - P2 6.8845 8.27596 11.11382 7.75683 10.03243 5.9791 10.92521 5.87582
2nd Reversal N1 0.5625 -5.9356 0.09375 -1.0752 0.5625 -11.1205 0.5625 -10.5031 0.5625 -2.13542 0.53906 -1.01598 0.55859 -0.69703 0.55859 -1.27398 0.5625 -3.41446
P1 0.58984 8.38623 0.14453 2.47363 0.58594 10.12347 0.59375 7.68327 0.58594 7.74502 0.5625 6.10479 0.57422 0.9524 0.58594 9.09278 0.58594 4.24291
N2 0.65234 -4.37595 0.17969 -2.86068 0.63672 -2.15146 0.64844 -4.7627 0.65234 -3.84528 0.58694 -6.29867 0.59375 -3.70403 0.64453 -7.19908 0.67578 -5.18142
P2 0.71484 1.67969 0.22266 3.50781 0.70703 9.7114 0.73047 2.83464 0.64063 2.3003 0.63672 2.49813 0.70703 3.06189 0.73047 2.59014
Amplitude N1 - P1 14.32183 3.54883 21.24396 18.18636 9.88044 7.12077 1.64943 10.36676 7.65737
P1 - N2 12.76218 5.33431 12.27493 12.44597 11.5903 12.40346 4.65643 16.29186 9.42433
N2 - P2 6.05564 6.36849 11.86286 7.59734 8.59897 6.20216 10.26097 7.77156
Mean Amplitude N1 - P1 15.09142 3.889725 21.5386 18.16676 9.296815 6.74195 1.624095 10.5078 8.452145
P1 - N2 12.96407 5.726435 12.66091 12.37191 10.98533 12.48325 3.99793 16.32019 10.07978
N2 - P2 6.47007 7.322225 11.48834 7.677085 9.3157 6.09063 10.59309 6.82369
Recovery 1st Reversal N1 0.10547 -4.25737 0.10547 -3.00177 0.10547 -10.6137 0.10156 -10.2471 0.10547 -0.17654 0.10156 -4.81345 0.13672 -2.7736 0.10156 -1.75605 0.10547 -2.76352
P1 0.13281 8.79523 0.12891 1.019 0.12891 9.36808 0.13672 6.7637 4.63972 0.12891 4.26684 0.16797 3.58913 0.12891 13.60897 0.13281 3.90936
N2 0.19531 -2.84227 0.16016 -4.40422 0.17578 -4.69994 0.1875 -5.99892 0.1875 -4.13254 0.16406 -2.14262 0.22656 -1.46364 0.1875 -9.67677 0.21094 -5.33736
P2 0.26953 -0.14885 0.24609 5.38272 0.24609 10.36896 0.25391 2.85591 0.25 4.90955 0.29297 3.63783 0.23828 1.3089 0.26563 0.91101
Amplitude N1 - P1 13.0526 4.02077 19.98179 17.0108 4.81626 9.08029 6.36273 15.36502 6.67288
P1 - N2 11.6375 5.42322 14.06802 12.76262 8.77226 6.40946 5.05277 23.28574 9.24672
N2 - P2 2.99112 9.78694 15.0689 8.85483 7.05217 5.10147 10.98567 6.24837
2nd Reversal N1 0.56641 -4.60231 0.5625 -1.5065 0.5625 -12.4059 0.55859 -10.8064 0.5625 1.6192 0.5625 -2.23253 0.59375 -4.42028 0.5625 -2.298 0.5625 -3.2234
P1 0.58984 7.20031 0.58203 2.95614 0.58984 7.45148 0.58984 6.26067 0.58984 5.5479 0.58984 5.24554 0.62109 0.31391 0.58984 15.91555 0.58984 6.05913
N2 0.65625 -3.52954 0.625 -4.7614 0.63672 -7.17255 0.64453 -5.9521 0.64453 -3.30181 0.66406 -2.71926 0.62891 -0.10593 0.64844 -9.09127 0.65234 -5.6756
P2 0.73047 -0.13283 0.67578 3.4792 0.70313 9.89644 0.69922 3.31137 0.71484 3.24261 0.66016 1.68817 0.70703 6.26606 0.71875 0.37701
Amplitude N1 - P1 11.80262 4.46264 19.85739 17.06707 3.9287 7.47807 4.73419 18.21355 9.28253
P1 - N2 10.72985 7.71754 14.62403 12.21277 8.84971 7.9648 0.41984 25.00682 11.73473
N2 - P2 3.66237 8.2406 17.06899 9.26347 5.96187 1.7941 15.35733 6.05261
Mean Amplitude N1 - P1 12.42761 4.241705 19.91959 17.03894 4.37248 8.27918 5.54846 16.78929 7.977705
P1 - N2 11.18368 6.57038 14.34603 12.4877 8.810985 7.18713 2.736305 24.14628 10.49073
N2 - P2 3.326745 9.01377 16.06895 9.05915 6.50702 3.447785 13.1715 6.15049
Pre-Adapt 1st Reversal N1 0.13281 1.92706 0.09375 -1.0752 0.11719 -1.14735 0.125 -2.23905 0.10156 0.86257 0.12891 0.97849 0.08984 -1.37838 0.10547 -1.78205 0.10547 -1.34718
P1 0.16016 3.34498 0.14453 2.47363 0.14453 3.60814 0.16406 4.94889 0.14844 1.65024 0.14844 2.48081 0.12109 0.76396 0.14844 5.95792 0.14844 0.57406
N2 0.18359 2.43492 0.17969 -2.86068 0.1875 -2.99415 0.19531 -1.68081 0.20313 -1.37711 0.16797 0.74891 0.14453 -1.59084 0.20313 -2.8476 0.23047 -2.3128
P2 0.19141 2.64257 0.22266 3.50781 0.25781 4.43501 0.23097 1.6179 0.19922 2.6168 0.17969 -1.0027 0.27734 -1.2223 0.25 -0.50816
Amplitude N1 - P1 1.41792 3.54883 4.75549 7.18794 0.78767 1.50232 2.14234 7.73997 1.92124
P1 - N2 0.91006 5.33431 6.60229 6.6297 3.02735 1.7319 2.3548 8.80552 2.88686
N2 - P2 0.20765 6.36849 7.42916 3.29871 1.86789 0.58814 1.6253 1.80464
2nd Reversal N1 0.55859 0.25037 0.58594 -4.45801 0.57422 -0.40508 0.58203 -3.54526 0.58203 0.19044 0.63672 1.45349 0.5 -3.07268 0.54688 -0.04281 0.51172 -0.83315
P1 0.60547 3.25 0.62891 1.01074 0.60156 5.11089 0.61719 3.90941 0.62109 1.80225 0.66016 3.46294 0.53516 0.03764 0.60938 6.99198 0.5315 0.677
N2 0.64844 1.61018 0.69141 -4.7208 0.66406 -0.78114 0.66797 0.21183 0.66797 -0.90997 0.67969 0.65961 0.60547 -3.97266 0.65234 -0.71703 0.58984 -1.77582
P2 0.66406 2.17883 0.73438 6.7334 0.71484 2.90324 0.71094 1.96345 0.71094 4.49283 0.64844 1.0251 0.68359 2.22858 0.62109 1.40067
Amplitude N1 - P1 2.99963 5.46875 5.51597 7.45467 1.61181 2.00945 3.11032 7.03479 1.51015
P1 - N2 1.63982 5.73154 5.89203 3.69758 2.71222 2.80333 4.0103 7.70901 2.45282
N2 - P2 0.56865 11.4542 3.68438 1.75162 3.83322 4.99776 2.94561 3.17649
Mean Amplitude N1 - P1 2.208775 4.50879 5.13573 7.321305 1.19974 1.755885 2.62633 7.38738 1.715695
P1 - N2 1.27494 5.532925 6.24716 5.16364 2.869785 2.267615 3.18255 8.257265 2.66984
N2 - P2 0.38815 8.911345 5.55677 2.525165 2.850555 2.79295 2.285455 2.490565
Post-Adapt 1st Reversal N1 0.13281 2.11451 0.0625 0.79526 0.11719 -2.0932 0.11719 -1.64751 0.11719 1.67844 0.10938 0.07337 0.14453 -1.11255 0.11328 1.04694 0.08203 -2.2526
P1 0.16016 4.67386 0.10156 1.97092 0.14453 1.66418 0.15625 4.35246 0.15234 1.94164 0.11719 1.11255 0.17188 1.90102 0.15234 4.61129 0.13281 1.59003
N2 0.21094 -1.04396 0.17578 -1.92862 0.19922 -2.77161 0.19922 -1.95275 0.20703 -1.84209 0.16016 -1.12252 0.21875 0.85292 0.21484 -2.41428 0.19531 -1.35905
P2 0.23828 1.04797 0.23828 1.2577 0.25391 1.4572 0.21875 0.47864 0.17578 -0.91028 0.23828 2.1975 0.23828 -0.68435 0.24219 0.83822
Amplitude N1 - P1 2.55935 1.17566 3.75738 5.99997 0.2632 1.03918 3.01357 3.56435 3.84263
P1 - N2 5.71782 3.89954 4.43579 6.30521 3.78373 2.23507 1.0481 7.02557 2.94908
N2 - P2 2.09193 3.18632 4.22881 2.43139 0.21224 1.34458 1.72993 2.19727
2nd Reversal N1 0.55469 1.03915 0.57422 -2.54171 0.57422 -2.79931 0.57031 -1.38033 0.57031 0.7497 0.54297 -2.57831 0.59375 -3.3169 0.57422 0.55339 0.50781 -1.19181
P1 0.61719 2.85553 0.62109 -1.03694 0.60156 -0.05754 0.61328 2.43965 0.61328 2.74909 0.56641 0.59434 0.625 0.24624 0.60547 3.9498 0.52734 0.84513
N2 0.65625 -0.32082 0.66797 -4.84799 0.65234 -2.37795 0.64844 -2.43515 0.66406 0.92216 0.59375 -1.62104 0.6875 -0.14351 0.66406 -4.04625 0.55469 -1.72784
P2 0.68359 1.53201 -0.72266 0.6218 0.73047 2.75682 0.69141 0.74619 0.61719 1.33844 0.76172 2.6081 0.69531 0.22681 -0.60938 2.69477
Amplitude N1 - P1 1.81638 1.50477 2.74177 3.81998 1.99939 3.172652 3.56314 3.39641 2.03694
P1 - N2 3.17635 3.81105 2.32041 4.8748 1.82693 2.21538 0.389745 7.99605 2.57297
N2 - P2 1.85283 5.46979 5.13477 3.18134 2.95948 2.751605 4.27306 4.42261
Mean Amplitude N1 - P1 2.187865 1.340215 3.249575 4.909975 1.131295 2.105916 3.288355 3.48038 2.939785
P1 - N2 4.447085 3.855295 3.3781 5.590005 2.80533 2.225225 0.718923 7.51081 2.761025
N2 - P2 1.97238 4.328055 4.68179 2.806365 1.58586 2.048093 3.001495 3.30994
260 
 
 
 
 
 
 
 
 
 
 
Chapter 5: PR-VEP Amplitudes and Peak Times (Check size = 15')
MC NR CL LD AtM AK AH BD AA DM AM
Clear 1st Reversal N1 0.09375 -5.7864 0.10156 -1.04386 0.09766 -10.7964 0.09375 -9.14887 0.10156 -1.63687 0.05469 0.04694 0.10156 -1.17271 0.09766 -1.27351 0.10156 -9.02832 0.10156 -3.71931 0.09375 -3.86994
P1 0.12109 7.52821 0.12109 2.49886 0.12109 6.3083 0.11719 6.31364 0.12891 6.21832 0.09766 5.80488 0.11328 -0.37243 0.125 8.62145 0.12109 8.51214 0.125 4.86712 0.12109 5.0313
N2 0.18359 -6.34264 0.16016 -7.68001 0.16797 -7.26459 0.17188 -7.78422 0.17188 -3.34923 0.12109 -3.71966 0.14063 -3.93509 0.17578 -7.47607 0.16797 -13.4752 0.19141 -2.76263 0.19531 -3.99877
P2 0.25391 4.87874 0.24609 6.41024 0.22656 10.29356 0.22266 4.96246 0.25 1.12192 0.16406 3.13343 0.20313 -0.05601 0.23828 5.58718 0.23047 12.22342 0.25781 3.00188 0.25 1.638
Amplitude N1 - P1 13.31461 3.54272 17.10472 15.46251 7.85519 5.85182 1.54514 9.89496 17.54046 8.58643 8.90124
P1 - N2 13.87085 10.17887 13.57289 14.09786 9.56755 9.52454 4.30752 16.09752 21.98731 7.62975 9.03007
N2 - P2 11.22138 14.09025 17.55815 12.74668 4.47115 6.85309 3.87908 13.06325 25.69859 5.76451 5.63677
2nd Reversal N1 0.55078 -4.15663 0.55859 -1.25163 0.55859 -10.7178 0.55469 -8.94248 0.55469 -2.22669 0.51953 -2.17154 0.55469 -0.14074 0.55469 -1.18988 0.55859 -11.9904 0.55859 -2.76716 0.55469 -4.82146
P1 0.57813 8.04593 0.58203 2.65894 0.58203 7.06528 0.57813 3.91586 0.58984 6.57402 0.55469 6.55997 0.57031 0.90559 0.58203 8.85018 0.58203 5.73591 0.58203 5.00732 0.57813 4.39553
N2 0.63281 -9.19312 0.61719 -3.97957 0.625 -6.95024 0.63281 -5.91007 0.62891 -4.69739 0.57813 -4.86843 0.59766 -3.3774 0.63672 -9.22921 0.625 -10.8981 0.64453 -2.84738 0.60156 0.53348
P2 0.71484 4.30189 0.70703 6.00968 0.69141 10.38582 0.67969 5.37723 0.74219 2.72048 0.60156 2.78219 0.64844 1.37556 0.69141 7.07454 0.69141 15.61384 0.71094 3.08559 0.73438 3.59125
Amplitude N1 - P1 12.20256 3.91057 17.78305 12.85834 8.80071 8.73151 1.04633 10.04006 17.72635 7.77448 9.21699
P1 - N2 17.23905 6.63851 14.01552 9.82593 11.27141 11.4284 4.28299 18.07939 16.634 7.8547 4.92901
N2 - P2 13.49501 9.98925 17.33606 11.2873 7.41787 7.65062 4.75296 16.30375 26.51193 5.93297 3.05777
Mean Amplitude N1 - P1 12.75859 3.726645 17.44389 14.16043 8.32795 7.291665 1.295735 9.96751 17.63341 8.180455 9.059115
P1 - N2 15.55495 8.40869 13.79421 11.9619 10.41948 10.47647 4.295255 17.08846 19.31066 7.742225 6.97954
N2 - P2 12.3582 12.03975 17.44711 12.01699 5.94451 7.251855 4.31602 14.6835 26.10526 5.84874 4.34727
Recovery 1st Reversal N1 0.09766 -5.88304 0.09766 -1.74834 0.09766 -11.8772 0.09766 -10.0795 0.10547 0.90595 0.09375 -4.82959 0.13281 -3.7481 0.10156 -1.33224 0.09766 -9.68904 0.10156 -4.44438 0.09766 -4.05452
P1 0.125 7.26012 0.12109 2.6579 0.12109 7.55876 0.12891 7.16353 0.12891 6.42051 0.11719 5.70013 0.14844 -1.97618 0.125 13.21615 0.12109 6.34833 0.125 3.46239 0.12109 2.71463
N2 0.17969 -5.83721 0.16016 -5.77309 0.16406 -7.39715 0.16797 -7.00813 0.16406 -3.16057 0.14453 -6.49304 0.16797 -3.68015 0.18359 -12.415 0.15625 -19.4216 0.19922 -4.12191 0.14063 0.56529
P2 0.25391 2.81951 0.24609 6.5258 0.22656 10.46654 0.23438 6.17172 0.25391 0.82457 0.18359 0.23974 0.23828 -0.76158 0.23828 7.80947 0.22266 9.91345 0.26563 1.46959 0.16016 2.33502
Amplitude N1 - P1 13.14316 4.40624 19.43599 17.24305 7.32646 10.52972 5.72428 14.54839 16.03737 7.90677 6.76915
P1 - N2 13.09733 8.43099 14.95591 14.17166 9.58108 12.19317 5.6533 25.6311 25.76988 7.5843 3.27992
N2 - P2 8.65672 12.29889 17.86369 13.17985 3.98514 6.73278 2.91857 20.22442 29.335 5.5915 1.76973
2nd Reversal N1 0.55859 -4.75999 0.55859 -4.0631 0.55859 -10.4525 0.55469 -7.8705 0.5625 -0.64973 0.55859 -3.32889 0.58984 -2.66032 0.55469 -1.09927 0.55469 -11.8713 0.55859 -3.99407 0.55469 -3.8082
P1 0.58203 7.60592 0.58594 1.2304 0.58203 7.51212 0.57813 6.41754 0.58984 6.63971 0.57813 3.02866 0.60547 0.34641 0.58594 15.78345 0.57813 7.90547 0.58594 4.49388 0.58203 1.97327
N2 0.64453 -4.98047 0.61328 -6.10173 0.625 -7.03094 0.62891 -6.13168 0.63672 -5.5857 0.59766 -3.12522 0.66406 -1.25163 0.63672 -12.7813 0.60938 -19.7075 0.64844 -3.10872 0.65234 -3.18197
P2 0.71484 5.11155 0.69922 6.9628 0.69141 8.45791 0.68359 3.6541 0.69141 0.03596 0.63672 0.38997 0.6875 -0.35522 0.69141 7.59804 0.68359 11.00639 0.71484 1.22002 0.74219 2.27358
Amplitude N1 - P1 12.36591 5.2935 17.96457 14.28804 7.28944 6.35755 3.00673 16.88272 19.77672 8.48795 5.78147
P1 - N2 12.58639 7.33213 14.54306 12.54922 12.22541 6.15388 1.59804 28.56477 27.61297 7.6026 5.15524
N2 - P2 10.09202 13.06453 15.48885 9.78578 5.62166 3.51519 0.89641 20.37936 30.71389 4.32874 5.45555
Mean Amplitude N1 - P1 12.75454 4.84987 18.70028 15.76555 7.30795 8.443635 4.365505 15.71556 17.90705 8.19736 6.27531
P1 - N2 12.84186 7.88156 14.74949 13.36044 10.90325 9.173525 3.62567 27.09794 26.69143 7.59345 4.21758
N2 - P2 9.37437 12.68171 16.67627 11.48282 4.8034 5.123985 1.90749 20.30189 30.02445 4.96012 3.61264
Pre-Adapt 1st Reversal N1 0.07813 0.66332 0.12109 -2.71954 0.10547 -1.95398 0.10938 -4.28717 0.07813 -0.90968 0.10156 -0.40419 0.14063 -3.93895 0.08594 -1.16776 0.10547 3.77695 0.10156 -1.45312 0.08203 -1.80441
P1 0.13281 6.02921 0.15234 2.9182 0.13672 10.77303 0.14063 4.77673 0.13672 4.16087 0.11719 0.6288 0.16797 1.96548 0.15234 8.45062 0.13672 12.81799 0.13672 4.82058 0.13281 0.37606
N2 0.19141 1.25512 0.22266 -3.75737 0.19141 -6.50603 0.1875 -3.38142 0.21875 -1.17524 0.13672 -1.06174 0.19531 -0.57539 0.1875 -2.68093 0.1875 -4.15009 0.19922 -2.58382 0.15625 -1.39186
P2 0.20703 1.69031 0.26172 2.92442 0.24609 5.26926 0.21875 0.14905 0.25781 -0.85711 0.19922 2.17014 0.21484 0.28121 0.23438 1.57408 0.28516 3.88003 0.23047 1.00098 0.23438 -2.19845
Amplitude N1 - P1 6.69253 5.63774 12.72701 9.0639 5.07055 1.03299 5.90443 9.61838 9.04104 6.2737 2.18047
P1 - N2 7.28433 6.67557 17.27906 8.15815 5.33611 1.69054 2.54087 11.13155 16.96808 7.4044 1.76792
N2 - P2 0.43519 6.68179 11.77529 3.53047 0.31813 3.23188 0.8566 4.25501 8.03012 3.5848 -0.80659
2nd Reversal N1 0.55078 2.06959 0.54688 -3.84689 0.5625 -3.37021 0.56641 -0.1382 0.55078 -0.84832 0.53906 -2.50136 0.59766 -4.38624 0.56641 -0.58359 0.54688 -0.22636 0.55859 -1.27863 0.55859 -1.86794
P1 0.60156 6.23439 0.58984 0.21087 0.59766 8.28461 0.59766 7.22228 0.60156 2.90228 0.57422 -0.50184 0.62891 0.77371 0.60938 6.73342 0.59375 12.28208 0.59375 5.97211 0.58984 2.53906
N2 0.66016 1.58451 0.65625 -5.12408 0.64453 -6.91186 0.64453 -2.51108 0.6875 -3.00302 0.60547 -1.54812 0.64844 -2.13533 0.64453 -3.49683 0.65234 -4.91205 0.65625 -2.36936 0.64453 -3.37951
P2 0.69531 2.58616 0.70313 2.11086 0.71484 3.53683 0.67969 2.78078 0.79297 -0.89341 0.63672 1.23074 0.69141 1.33253 0.67578 0.3543 0.73047 2.66776 0.69531 1.55556 0.69141 0.52083
Amplitude N1 - P1 8.30398 4.05776 11.65482 7.36048 3.7506 3.0032 5.15995 7.31701 12.50844 7.25074 4.407
P1 - N2 7.8189 5.33495 15.19647 9.73336 5.9053 2.04996 2.90904 10.23025 17.19413 8.34147 5.91857
N2 - P2 1.00165 7.23494 10.44869 5.29186 2.10961 2.77886 3.46786 3.85113 7.57981 3.92492 3.90034
Mean Amplitude N1 - P1 7.498255 4.84775 12.19092 8.21219 4.410575 2.018095 5.53219 8.467695 10.77474 6.76222 3.293735
P1 - N2 7.551615 6.00526 16.23777 8.945755 5.620705 1.87025 2.724955 10.6809 17.08111 7.872935 3.843245
N2 - P2 0.71842 6.958365 11.11199 4.411165 1.21387 3.00537 2.16223 4.05307 7.804965 3.75486 1.546875
Post-Adapt 1st Reversal N1 0.10547 -0.81449 0.125 -0.53465 0.10547 -1.80339 0.11719 -2.73205 0.07031 -0.28448 0.16016 -1.45759 0.14063 -4.94061 0.10547 -2.48578 0.10156 -2.78171 0.10547 0.76268 0.10547 -1.05546
P1 0.13672 6.98689 0.15234 0.07239 0.13672 11.0081 0.14063 6.05094 0.15234 3.64395 0.17578 -0.5303 0.16406 -1.79836 0.15234 8.27376 0.14063 11.02206 0.13281 6.81359 0.13281 1.91202
N2 0.19141 -2.72486 0.19141 -2.55802 0.18359 -4.66295 0.19922 -4.55639 0.22656 -2.49071 0.21094 -2.93501 0.1875 -5.1373 0.19922 -3.21651 0.19141 -5.76202 0.19922 -2.69655 0.20703 -1.23505
P2 0.22656 0.90229 0.25391 1.31076 0.25 4.41169 0.25391 0.11393 0.25 -1.82292 0.25391 -0.60784 0.22266 -1.0258 0.23438 -0.51223 0.27344 0.39658 0.26172 2.32243 0.22266 0.08345
Amplitude N1 - P1 7.80138 0.60704 12.81149 8.78299 3.92843 1.98789 6.73897 10.75954 13.80377 6.05091 2.96748
P1 - N2 9.71175 2.63041 15.67105 10.60733 6.13466 3.64531 6.93566 11.49027 16.78408 9.51014 3.14707
N2 - P2 3.62715 3.86878 9.07464 4.67032 0.66779 2.32717 4.1115 2.70428 6.1586 5.01898 1.3185
2nd Reversal N1 0.55859 -0.00092 0.58203 -3.83001 0.56641 -1.42015 0.57031 -5.03847 0.56641 1.82374 0.57031 -3.32934 0.59766 -3.16155 0.54688 -2.14214 0.55859 -3.87201 0.56641 -0.58284 0.5625 -0.93711
P1 0.58984 7.48377 0.60547 -1.70588 0.59375 9.41556 0.60156 6.11514 0.60156 5.2357 0.60938 0.86707 0.61719 -0.26511 0.61328 6.32048 0.59766 12.95434 0.58984 4.84464 0.60938 1.8825
N2 0.64844 -2.53539 0.65234 -2.94189 0.64844 -5.15591 0.65234 -4.99364 0.62891 1.86585 0.64453 -3.57022 0.64844 -4.6424 0.65234 -3.90318 0.69141 -2.6266 0.65625 -2.95754 0.65625 -3.69052
P2 0.68359 0.15073 0.69531 -0.85738 0.69922 4.21807 0.69531 0.07647 0.75781 -0.6304 0.69531 1.17676 0.74609 1.96209 0.69531 1.00451 0.76953 3.12738 0.71875 2.21171 0.74219 1.9785
Amplitude N1 - P1 7.48469 5.53589 10.83571 11.15361 7.05944 4.19641 3.42666 8.46262 16.82635 5.42748 2.81961
P1 - N2 10.01916 4.64777 14.57147 11.10878 7.10155 4.43729 4.90751 10.22366 15.58094 7.80218 5.57302
N2 - P2 2.68612 2.08451 9.37398 5.07011 2.49625 4.74698 6.60449 4.90769 5.75398 5.16925 5.66902
Mean Amplitude N1 - P1 7.643035 3.071465 11.8236 9.9683 5.493935 3.09215 5.082815 9.61108 15.31506 5.739195 2.893545
P1 - N2 9.865455 3.63909 15.12126 10.85806 6.618105 4.0413 5.921585 10.85697 16.18251 8.65616 4.360045
N2 - P2 3.156635 2.976645 9.22431 4.870215 1.58202 3.537075 5.357995 3.805985 5.95629 5.094115 3.49376
261 
 
 
 
 
 
 
 
 
 
Chapter 5: PR-VEP Amplitudes and Peak Times (Check size = 20')
Latency
MC NR CL LD AtM AK AH BD AA DM AM
Clear 1st Reversal N1 0.09375 -1.49153 0.09766 -2.46452 0.09766 -9.50144 0.09375 -8.05704 0.09375 -1.80048 0.0625 -0.05511 0.09766 1.07057 0.08203 -0.10525 0.09375 -10.3834 0.09375 -3.33304 0.09375 -2.22088
P1 0.11719 7.18814 0.12109 1.53752 0.12109 6.04182 0.12109 5.3455 0.125 6.45974 0.09375 5.00188 0.10938 1.72975 0.125 7.41573 0.11719 4.27958 0.125 4.03829 0.11719 3.72201
N2 0.17188 -4.76074 0.15234 -5.41431 0.16016 -7.67756 0.16797 -5.62889 0.16016 -3.25028 0.11719 -3.85157 0.12891 -1.93891 0.17578 -8.33822 0.15625 -16.3483 0.18359 -4.24426 0.17578 -2.42513
P2 0.24609 1.76422 0.23828 7.26343 0.24219 9.09875 0.21875 8.43992 0.25391 0.78643 0.16797 2.37002 0.29297 3.13824 0.23047 6.35272 0.24219 9.96772 0.23828 2.40668 0.25 4.12664
Amplitude N1 - P1 8.67967 4.00204 15.54326 13.40254 8.26022 5.05699 2.80032 7.52098 14.66302 7.37133 5.94289
P1 - N2 11.94888 6.95183 13.71938 10.97439 9.71002 8.85345 3.66866 15.75395 20.62785 8.28255 6.14714
N2 - P2 6.52496 12.67774 16.77631 14.06881 4.03671 6.22159 5.07715 14.69094 26.31599 6.65094 6.55177
2nd Reversal N1 0.55078 -3.30043 0.55469 -2.35661 0.55469 -10.4428 0.55078 -7.64081 0.55078 -0.89407 0.50781 -1.20543 0.58594 -0.52764 0.55078 -0.36133 0.55469 -12.6153 0.55078 -3.11778 0.55469 -2.53693
P1 0.57813 4.65535 0.58203 2.26213 0.58203 7.81183 0.57422 6.02686 0.58203 7.94764 0.55078 4.38054 0.59766 0.87113 0.58203 7.804 0.57422 2.2522 0.60547 5.04271 0.57422 1.3321
N2 0.63281 -5.4969 0.61328 -3.03752 0.61719 -7.01719 0.625 -6.2815 0.61719 -2.82784 0.57813 -7.18987 0.62109 -1.94438 0.63281 -8.71853 0.61719 -16.0458 0.63672 -0.5543 0.62891 -3.04095
P2 0.70703 3.21172 0.67969 6.66341 0.69922 10.68293 0.67969 8.65242 0.73047 1.80898 0.625 -0.3912 0.76172 3.37691 0.69141 7.09925 0.69531 10.18134 0.70313 5.86522 0.70313 3.01254
Amplitude N1 - P1 7.95578 4.61874 18.25461 13.66767 8.84171 5.58597 1.39877 8.16533 14.86749 8.16049 3.86903
P1 - N2 10.15225 5.29965 14.82902 12.30836 10.77548 11.57041 2.81551 16.52253 18.298 5.59701 4.37305
N2 - P2 8.70862 9.70093 17.70012 14.93392 4.63682 7.58107 5.32129 15.81778 26.22714 6.41952 6.05349
Mean Amplitude N1 - P1 8.317725 4.31039 16.89894 13.53511 8.550965 5.32148 2.099545 7.843155 14.76526 7.76591 4.90596
P1 - N2 11.05057 6.12574 14.2742 11.64138 10.24275 10.21193 3.242085 16.13824 19.46293 6.93978 5.260095
N2 - P2 7.61679 11.18934 17.23822 14.50137 4.336765 6.90133 5.19922 15.25436 26.27157 6.53523 6.30263
Recovery 1st Reversal N1 0.09375 -4.59185 0.09766 -2.12006 0.09766 -10.4872 0.09375 -9.84052 0.09766 -0.80803 0.08984 -4.67073 0.125 -1.27607 0.09766 -1.26586 0.09766 -9.96338 0.09766 -1.6354 0.09766 -2.28385
P1 0.11719 8.31681 0.12109 2.91726 0.12109 7.34436 0.11719 6.07152 0.12891 6.44873 0.11328 3.35154 0.14063 0.77565 0.125 11.57817 0.12109 6.02086 0.125 5.346 0.11719 1.72139
N2 0.17578 -4.72093 0.15234 -5.91733 0.16016 -8.00415 0.16797 -7.8096 0.16016 -1.1283 0.13672 -6.55858 0.16016 -2.01756 0.17188 -12.7317 0.16016 -17.6758 0.18359 -1.67406 0.16797 -2.94356
P2 0.24609 3.359 0.22266 5.94153 0.24609 9.48883 0.21875 6.37676 0.25 1.56998 0.19922 2.41085 0.30078 3.9384 0.23438 6.83386 0.24219 12.56348 0.24609 3.55598 0.23438 1.19629
Amplitude N1 - P1 12.90866 5.03732 17.83152 15.91204 7.25676 8.02227 2.05172 12.84403 15.98424 6.9814 4.00524
P1 - N2 13.03774 8.83459 15.34851 13.88112 7.57703 9.91012 2.79321 24.30987 23.69664 7.02006 4.66495
N2 - P2 8.07993 11.85886 17.49298 14.18636 2.69828 8.96943 5.95596 19.56556 30.23926 5.23004 4.13985
2nd Reversal N1 0.55469 -5.91822 0.55469 -0.66138 0.55469 -9.84202 0.55078 -8.42699 0.55859 -0.61127 0.55469 -6.05651 0.58594 -3.99163 0.55469 -2.01727 0.55469 -10.2044 0.55859 -5.08999 0.55078 -1.66696
P1 0.57813 7.44591 0.58203 4.26201 0.58203 5.97697 0.57422 7.50257 0.58594 5.24981 0.57422 4.52723 0.60547 -0.97349 0.58594 11.9096 0.57813 4.57659 0.58984 3.35626 0.57422 1.28821
N2 0.63281 -3.47168 0.61719 -4.69707 0.61719 -8.72315 0.62109 -6.65649 0.625 -3.82421 0.59375 -1.80016 0.64063 -3.19531 0.63672 -11.5166 0.61328 -18.8292 0.65234 -1.3994 0.62891 -4.1017
P2 0.69531 3.15192 0.70313 7.17741 0.69141 8.17159 0.67578 7.69181 0.71094 1.58416 0.69531 5.25766 0.74609 2.74038 0.69531 6.88205 0.69141 14.7862 0.69922 3.04498 0.70313 2.00395
Amplitude N1 - P1 13.36413 4.92339 15.81899 15.92956 5.86108 10.58374 4.96512 13.92687 14.78097 8.44625 2.95517
P1 - N2 10.91759 8.95908 14.70012 14.15906 9.07402 6.32739 4.1688 23.42618 23.40576 4.75566 5.38991
N2 - P2 6.6236 11.87448 16.89474 14.3483 5.40837 7.05782 5.93569 18.39863 33.61537 4.44438 6.10565
Mean Amplitude N1 - P1 13.1364 4.980355 16.82526 15.9208 6.55892 9.303005 3.50842 13.38545 15.38261 7.713825 3.480205
P1 - N2 11.97767 8.896835 15.02432 14.02009 8.325525 8.118755 3.481005 23.86803 23.5512 5.88786 5.02743
N2 - P2 7.351765 11.86667 17.19386 14.26733 4.053325 8.013625 5.945825 18.9821 31.92732 4.83721 5.12275
Latency
Matt Nick Chris Lisa Atif Bibi Amy Ben Alison Declan Alex
Pre-Adapt 1st Reversal N1 0.07422 -1.67352 0.13281 -0.59052 0.09766 -1.1784 0.10156 -4.22982 0.07422 -0.79753 0.08984 1.81269 0.08203 -1.9185 0.07813 -0.91443 0.08984 2.86804 0.08984 -0.24512 0.09766 -0.03798
P1 0.12109 3.91913 0.17578 2.03756 0.13672 9.63684 0.14063 5.55946 0.13281 5.56968 0.11328 3.80442 0.10938 -0.46497 0.14453 7.31066 0.125 13.58236 0.15234 5.10156 0.12109 1.40389
N2 0.19141 -3.06791 0.19531 0.62358 0.18359 -6.24196 0.17969 -5.55816 0.21094 -3.78514 0.13281 -0.02066 0.13672 -3.53025 0.17969 -4.77278 0.17969 -8.4554 0.19141 -3.64575 0.1875 -3.11335
P2 0.3125 -0.18973 0.21094 1.32328 0.24609 2.64003 0.26172 0.32737 0.28906 -0.73673 0.16016 4.61864 0.20313 0.60166 0.28125 1.73247 0.26563 1.95485 0.25781 2.13745 0.22656 0.03925
Amplitude N1 - P1 5.59265 2.62808 10.81524 9.78928 6.36721 5.61711 2.38347 8.22509 10.71432 5.34668 1.44187
P1 - N2 6.98704 2.66114 15.8788 11.11762 9.35482 3.82508 3.99522 12.08344 22.03776 8.74731 4.51724
N2 - P2 2.87818 0.6997 8.88199 5.88553 3.04841 4.6393 4.13191 6.50525 10.41025 5.7832 3.1526
2nd Reversal N1 0.54688 -0.59055 0.5625 -4.23516 0.55859 -0.81872 0.5625 -2.26628 0.54688 -0.13755 0.53906 1.51305 0.59766 -3.70142 0.55469 -0.02882 0.55469 -0.74253 0.55859 -1.25977 0.54297 -1.38969
P1 0.57422 3.82548 0.625 3.50749 0.59375 9.0862 0.59375 7.75076 0.58984 5.5972 0.55859 2.93094 0.62109 -0.77504 0.60547 7.37542 0.58984 13.20677 0.59375 4.04688 0.57813 2.94628
N2 0.64063 -2.98933 0.65625 -2.45734 0.64453 -6.03273 0.63672 -3.34505 0.67969 -4.72077 0.58984 0.7633 0.64453 -3.93522 0.64063 -5.83954 0.63672 -10.7925 0.64844 -4.68433 0.61328 -2.53332
P2 0.76953 0.26127 0.71094 1.29513 0.6875 2.42087 0.71484 1.43034 0.76172 -1.30847 0.61328 2.13216 0.67578 -1.84692 0.72266 2.90163 0.73828 0.76251 0.71875 2.12378 0.67188 3.66099
Amplitude N1 - P1 4.41603 7.74265 9.90492 10.01704 5.73475 4.44399 4.47646 7.40424 13.9493 5.30665 4.33597
P1 - N2 6.81481 5.96483 15.11893 11.09581 10.31797 3.69424 4.71026 13.21496 23.99927 8.73121 5.4796
N2 - P2 3.2506 3.75247 8.4536 4.77539 3.4123 1.36886 2.0883 8.74117 11.55501 6.80811 6.19431
Mean Amplitude N1 - P1 5.00434 5.185365 10.36008 9.90316 6.05098 5.03055 3.429965 7.814665 12.33181 5.326665 2.88892
P1 - N2 6.900925 4.312985 15.49887 11.10672 9.836395 3.75966 4.35274 12.6492 23.01852 8.73926 4.99842
N2 - P2 3.06439 2.226085 8.667795 5.33046 3.230355 3.00408 3.110105 7.62321 10.98263 6.295655 4.673455
Post-Adapt 1st Reversal N1 0.09375 0.95068 0.125 -1.2055 0.09766 -2.63047 0.10547 -4.7366 0.08203 0.46265 0.11328 -4.37933 0.12891 -3.31404 0.07813 -2.30091 0.09375 1.69466 0.09375 -0.5182 0.08594 -2.89597
P1 0.12109 7.66251 0.18359 0.26213 0.13281 11.03014 0.13672 7.59104 0.13672 6.8889 0.13672 0.69373 0.15234 0.45199 0.14844 7.82786 0.13281 13.04362 0.12891 4.25836 0.12891 4.28625
N2 0.21875 -3.3454 0.24219 -1.34363 0.1875 -6.06769 0.18359 -4.84066 0.21094 -4.43109 0.17969 -4.24713 0.18359 -3.24921 0.18359 -5.94321 0.17969 -7.3724 0.1875 -3.01187 0.18359 -4.75045
P2 0.27734 0.10602 0.30469 1.269 0.22656 3.82109 0.26563 2.0744 0.30078 -1.08831 0.19922 -1.73002 0.28125 4.06381 0.21875 2.28264 0.26953 7.611 0.25391 1.59723 0.24219 2.93616
Amplitude N1 - P1 8.61319 1.46763 13.66061 12.32764 7.35155 5.07306 3.76603 10.12877 11.34896 4.77656 7.18222
P1 - N2 11.00791 1.60576 17.09783 12.4317 11.31999 4.94086 3.7012 13.77107 20.41602 7.27023 9.0367
N2 - P2 3.45142 2.61263 9.88878 6.91506 3.34278 2.51711 7.31302 8.22585 14.9834 4.6091 7.68661
2nd Reversal N1 0.55078 1.77092 0.54297 -3.9267 0.55859 -2.8414 0.55859 -5.97824 0.54688 0.47152 0.5625 -3.28223 0.58594 -0.15676 0.55469 0.85541 0.52344 -0.28743 0.55078 -1.87472 0.55859 -2.78187
P1 0.58594 8.00307 0.60156 0.45808 0.59375 7.32233 0.59375 7.41494 0.59375 4.45733 0.59375 0.06157 0.60938 2.50264 0.60938 8.98438 0.58984 13.9043 0.58984 3.54107 0.58203 -0.97673
N2 0.65234 -1.74538 0.63672 -1.68628 0.64063 -6.04684 0.63672 -2.94997 0.66016 -2.40618 0.625 -3.83301 0.63672 -2.55801 0.64453 -5.50959 0.63672 -7.86784 0.64453 -4.10844 0.64453 -3.99726
P2 0.71484 0.92186 0.70313 0.19339 0.69531 3.08424 0.68359 4.0442 0.70313 -0.62493 0.65234 0.46463 0.74219 3.77951 0.67578 2.26728 0.72266 4.45508 0.70703 1.28638 0.6875 0.56684
Amplitude N1 - P1 9.77399 4.38478 10.16373 13.39318 4.92885 3.3438 2.6594 9.83979 13.61687 1.66635 3.7586
P1 - N2 9.74845 2.14436 13.36917 10.36491 6.86351 3.89458 5.06065 14.49397 21.77214 7.64951 4.97399
N2 - P2 2.66724 1.87967 9.13108 6.99417 1.78125 4.29764 6.33752 7.77687 12.32292 5.39482 4.5641
Mean Amplitude N1 - P1 9.19359 2.926205 11.91217 12.86041 6.1402 4.20843 3.212715 9.98428 12.48292 3.221455 5.47041
P1 - N2 10.37818 1.87506 15.2335 11.39831 9.09175 4.41772 4.380925 14.13252 21.09408 7.45987 7.005345
N2 - P2 3.05933 2.24615 9.50993 6.954615 2.562015 3.407375 6.82527 8.00136 13.65316 5.00196 6.125355
262 
 
 
 
 
 
 
 
 
 
Chapter 5: PR-VEP Amplitudes and Peak Times (Check size = 25')
Latency
MC NR CL LD AtM AK AH BD AA DM AM
Clear 1st Reversal N1 0.08984 -0.8825 0.09375 -2.82628 0.09375 -8.60426 0.08984 -6.29178 0.08203 -0.96158 0.05859 -1.07718 0.11719 -1.4334 0.08203 -0.82312 0.08984 -4.71917 0.09375 -4.58306 0.08984 -3.21515
P1 0.11719 6.83773 0.12109 2.77654 0.12109 5.79804 0.125 4.12082 0.12109 7.04163 0.08984 4.54901 0.13672 0.27408 0.125 6.20275 0.11719 4.35593 0.12891 1.96872 0.125 -0.97415
N2 0.16016 -1.68732 0.14844 -3.98648 0.15625 -4.13352 0.16016 -6.19222 0.15234 -2.60747 0.11719 -4.7057 0.16016 -4.29899 0.17188 -6.58878 0.15625 -19.2792 0.17969 -4.51118 0.15625 -4.32371
P2 0.23438 4.12155 0.22656 6.62936 0.24219 9.04371 0.21094 7.26088 0.23828 0.52862 0.16797 1.78311 0.3125 4.09503 0.22656 4.11456 0.23047 6.93656 0.23438 2.38885 0.23828 1.23024
Amplitude N1 - P1 7.72023 5.60282 14.4023 10.4126 8.00321 5.62619 1.70748 7.02587 9.0751 6.55178 4.1893
P1 - N2 8.52505 6.76302 9.93156 10.31304 9.6491 9.25471 4.57307 12.79153 23.63512 6.4799 5.29786
N2 - P2 5.80887 10.61584 13.17723 13.4531 3.13609 6.48881 8.39402 10.70334 26.21575 6.90003 5.55395
2nd Reversal N1 0.54297 -3.31361 0.55078 -1.48474 0.55469 -9.8931 0.54688 -7.67863 0.55078 -1.32213 0.52734 0.55856 0.52734 -1.40597 0.53906 -1.05453 0.55078 -3.98576 0.51563 -3.54886 0.54297 -2.56755
P1 0.57422 5.02403 0.57813 5.93459 0.57813 4.13619 0.58984 0.13292 0.58203 5.54883 0.54688 5.6759 0.55469 1.80754 0.58203 6.38598 0.57422 4.53343 0.58594 4.12462 0.58984 -0.01958
N2 0.62109 -3.36902 0.61328 -4.22199 0.61328 -6.03264 0.625 -9.03225 0.62109 -2.40296 0.57422 -3.02202 0.58203 -0.67616 0.62891 -7.24822 0.61719 -17.0456 0.63672 -3.26369 0.60938 -2.19447
P2 0.6875 2.83383 0.67969 7.44563 0.69531 8.14179 0.67188 3.60501 0.70313 2.35472 0.61719 1.22677 0.76172 4.28502 0.68359 5.31518 0.71875 8.51655 0.69531 3.59633 0.66797 2.38965
Amplitude N1 - P1 8.33764 7.41933 14.02929 7.81155 6.87096 5.11734 3.21351 7.44051 8.51919 7.67348 2.54797
P1 - N2 8.39305 10.15658 10.16883 9.16517 7.95179 8.69792 2.4837 13.6342 21.57906 7.38831 2.17489
N2 - P2 6.20285 11.66762 14.17443 12.63726 4.75768 4.24879 4.96118 12.5634 25.56218 6.86002 4.58412
Mean Amplitude N1 - P1 8.028935 6.511075 14.2158 9.112075 7.437085 5.371765 2.460495 7.23319 8.797145 7.11263 3.368635
P1 - N2 8.45905 8.4598 10.0502 9.739105 8.800445 8.976315 3.528385 13.21287 22.60709 6.934105 3.736375
N2 -P2 6.00586 11.14173 13.67583 13.04518 3.946885 5.3688 6.6776 11.63337 25.88897 6.880025 5.069035
Recovery 1st Reversal N1 0.08984 -4.8202 0.09375 -2.31102 0.09375 -9.92437 0.08984 -7.48548 0.09375 -0.04963 0.08594 -3.21765 0.125 -1.67876 0.09375 -2.77033 0.09375 -10.3506 0.09375 -1.94418 0.07813 -2.66314
P1 0.11719 7.52281 0.12109 4.2617 0.12109 6.67155 0.12891 2.87285 0.125 7.50913 0.11719 5.40093 0.14453 2.11007 0.125 9.96302 0.11719 4.95906 0.12891 6.72865 0.13281 1.45718
N2 0.1875 -2.95095 0.16016 -2.7153 0.15625 -7.29026 0.16406 -9.62765 0.16406 -2.65246 0.16016 -1.66913 0.15625 0.77492 0.17578 -11.0938 0.15234 -15.7618 0.17969 -1.45762 0.16406 -3.66411
P2 0.25 6.77923 0.23828 7.16435 0.23438 9.84115 0.21484 5.23087 0.24219 2.05518 0.23828 4.52453 0.25391 3.76713 0.23438 6.73204 0.25 10.94051 0.24219 3.73123 0.19922 2.00844
Amplitude N1 - P1 12.34301 6.57272 16.59592 10.35833 7.55876 8.61858 3.78883 12.73335 15.30962 8.67283 4.12032
P1 - N2 10.47376 6.977 13.96181 12.5005 10.16159 7.07006 1.33515 21.05685 20.72085 8.18627 5.12129
N2 - P2 9.73018 9.87965 17.13141 14.85852 4.70764 6.19366 2.99221 17.82587 26.7023 5.18885 5.67255
2nd Reversal N1 0.55078 -6.31497 0.55469 -0.49651 0.55469 -8.25239 0.55078 -6.09024 0.54688 0.56926 0.55078 -5.20145 0.58203 -1.62282 0.54297 1.14879 0.55469 -10.8482 0.55078 -4.13492 0.55078 -2.69097
P1 0.57422 4.60428 0.57813 3.04263 0.57813 7.61274 0.58984 4.48042 0.58203 6.44571 0.57422 5.59103 0.60156 0.56333 0.58203 9.17931 0.57422 4.65874 0.58984 3.59609 0.57422 0.5957
N2 0.63672 -2.44941 0.60547 -6.94399 0.61328 -7.52148 0.625 -5.74632 0.63672 -4.08942 0.62891 -3.70676 0.61719 -1.43681 0.63281 -11.4434 0.61328 -14.1501 0.64063 -3.56101 0.62109 -2.49601
P2 0.70703 4.68015 0.69922 6.65934 0.68359 8.23948 0.67188 7.32985 0.69531 0.24721 0.66797 5.96788 0.69531 4.39104 0.6875 5.69169 0.66797 11.25321 0.69922 2.01983 0.69141 3.71955
Amplitude N1 - P1 10.91925 3.53914 15.86513 10.57066 5.87645 10.79248 2.18615 8.03052 15.50694 7.73101 3.28667
P1 - N2 7.05369 9.98662 15.13422 10.22674 10.53513 9.29779 2.00014 20.62269 18.80886 7.1571 3.09171
N2 - P2 7.12956 13.60333 15.76096 13.07617 4.33663 9.67464 5.82785 17.13507 25.40333 5.58084 6.21556
Mean Amplitude N1 - P1 11.63113 5.05593 16.23053 10.4645 6.717605 9.70553 2.98749 10.38194 15.40828 8.20192 3.703495
P1 - N2 8.763725 8.48181 14.54802 11.36362 10.34836 8.183925 1.667645 20.83977 19.76486 7.671685 4.1065
N2 - P2 8.42987 11.74149 16.44619 13.96735 4.522135 7.93415 4.41003 17.48047 26.05282 5.384845 5.944055
Pre-Adapt 1st Reversal N1 0.08594 -2.70682 0.12891 -2.1455 0.08984 -3.33781 0.09375 -5.08016 0.07031 0.6842 0.11719 -2.34012 0.125 -1.25217 0.07813 0.01449 0.08594 0.05944 0.08203 -0.95386 0.08984 -0.28654
P1 0.14453 6.96232 0.16406 1.63081 0.12891 8.78621 0.12891 6.84916 0.125 6.14261 0.16797 2.78245 0.15625 0.95988 0.13672 6.00229 0.125 10.04771 0.13281 5.86646 0.14844 2.04356
N2 0.17578 -0.63379 0.21094 -0.87104 0.17578 -8.41105 0.16797 -4.69602 0.19531 -2.3563 0.22266 -0.37197 0.17969 -0.48353 0.17578 -3.56386 0.17578 -10.0039 0.18359 -2.45825 0.17578 -2.03897
P2 0.19141 0.08256 0.24609 -0.64744 0.26563 3.32577 0.23828 3.80783 0.30469 0.37549 0.27734 0.86013 0.19922 0.66515 0.21094 1.62066 0.26953 2.28723 0.24219 3.32007 0.20703 0.98089
Amplitude N1 - P1 9.66914 3.77631 12.12402 11.92932 5.45841 5.12257 2.21205 5.9878 9.98827 6.82032 2.3301
P1 - N2 7.59611 2.50185 17.19726 11.54518 8.49891 3.15442 1.44341 9.56615 20.05164 8.32471 4.08253
N2 - P2 0.71635 0.2236 11.73682 8.50385 2.73179 1.2321 1.14868 5.18452 12.29116 5.77832 3.01986
2nd Reversal N1 0.54297 0.01657 0.55469 -1.80411 0.54688 -3.71167 0.55078 -4.50503 0.53906 0.65431 0.58203 -0.78601 0.53516 -0.40541 0.57031 1.31201 0.51953 -1.16206 0.52734 -1.19458 0.54297 -1.982
P1 0.59375 8.15714 0.62891 2.66554 0.58203 8.64461 0.58594 7.58286 0.58203 4.63015 0.625 3.58048 0.55859 2.34782 0.59766 5.0946 0.58203 15.2633 0.58594 5.8103 0.58203 1.6658
N2 0.63281 0.13119 0.65234 0.59488 0.63281 -6.80282 0.62891 -5.53716 0.63672 -0.62625 0.67578 -1.0026 0.59375 -2.88154 0.63281 -6.04179 0.62891 -9.62816 0.63281 -2.81641 0.62891 -4.11863
P2 0.64844 1.44778 0.67969 1.91777 0.70313 3.9751 0.70703 2.83788 0.73828 -0.06663 0.72266 2.16597 0.73828 1.25963 0.69922 1.1157 0.73047 2.1702 0.70313 2.46729 0.67188 1.45959
Amplitude N1 - P1 8.14057 4.46965 12.35628 12.08789 3.97584 4.36649 2.75323 3.78259 16.42536 7.00488 3.6478
P1 - N2 8.02595 2.07066 15.44743 13.12002 5.2564 4.58308 5.22936 11.13639 24.89146 8.62671 5.78443
N2 - P2 1.31659 1.32289 10.77792 8.37504 0.55962 3.16857 4.14117 7.15749 11.79836 5.2837
Mean Amplitude N1 - P1 8.904855 4.12298 12.24015 12.00861 4.717125 4.74453 2.48264 4.885195 13.20682 6.9126 2.98895
P1 - N2 7.81103 2.286255 16.32235 12.3326 6.877655 3.86875 3.336385 10.35127 22.47155 8.47571 4.93348
N2 - P2 1.01647 0.773245 11.25737 8.439445 1.645705 2.200335 2.644925 6.171005 12.04476 5.53101 3.01986
Post-Adapt 1st Reversal N1 0.08594 -0.39124 0.09375 -1.71328 0.08984 -3.0697 0.09375 -3.89686 0.07813 0.31475 0.09375 -0.39441 0.125 -3.04756 0.11719 3.04968 0.08984 1.45046 0.06641 -2.24175 0.08594 -1.73312
P1 0.13281 7.72594 0.14453 1.84504 0.125 9.80598 0.13672 5.65142 0.125 5.25228 0.11719 3.19105 0.14453 -0.6958 0.14453 9.29793 0.125 14.07186 0.13281 4.24872 0.11719 1.50815
N2 0.17188 -1.78334 0.18359 0.44352 0.17188 -7.97273 0.17578 -4.41544 0.18359 -2.15545 0.17969 -5.72784 0.17188 -4.2469 0.17969 -10.2742 0.17188 -9.41179 0.17969 -2.83905 0.17188 -2.97893
P2 0.22266 0.57595 0.23047 1.81618 0.23828 5.97978 0.21484 2.50426 0.28906 -1.73966 0.23047 0.23752 0.28516 4.39212 0.21484 5.20211 0.28906 3.21329 0.23828 2.83237 0.21484 0.91049
Amplitude N1 - P1 8.11718 3.55832 12.87568 9.54828 4.93753 3.58546 2.35176 6.24825 12.6214 2.00697 3.24127
P1 - N2 9.50928 1.40152 17.77871 10.06686 7.40773 8.91889 3.5511 19.5721 23.48365 7.08777 4.48708
N2 - P2 2.35929 1.37266 13.95251 6.9197 0.41579 5.96536 8.63902 15.47628 12.62508 5.67142 3.88942
2nd Reversal N1 0.54688 -0.36522 0.55469 -2.37726 0.54688 -2.32654 0.55469 -6.77684 0.54297 0.03243 0.55078 -0.43302 0.58203 -2.51249 0.53125 -4.148 0.54688 -0.85616 0.52734 -2.04576 0.53125 -2.25865
P1 0.59375 8.5083 0.61328 3.55158 0.58203 9.85067 0.59375 4.65232 0.58594 4.92613 0.57422 2.93518 0.60156 0.08176 0.60156 9.44074 0.58594 12.94681 0.58984 6.36939 0.58203 1.78678
N2 0.63281 1.56262 0.65234 0.79538 0.62891 -6.66184 0.63281 -5.76535 0.64844 -1.20192 0.63281 -1.26007 0.63281 -3.28827 0.63672 -11.7189 0.62891 -5.48815 0.64063 -1.76517 0.625 -3.15424
P2 0.64844 2.74954 0.69141 1.16633 0.70313 5.12102 0.67188 1.98956 0.75781 -0.15274 0.65234 0.32874 0.73828 5.54339 0.67969 4.60452 0.76172 5.22929 0.71094 3.76278 0.67578 1.78843
Amplitude N1 - P1 8.87352 5.92884 12.17721 11.42916 4.8937 3.3682 2.59425 13.58874 13.80297 8.41515 4.04543
P1 - N2 6.94568 2.7562 16.51251 10.41767 6.12805 4.19525 3.37003 21.15965 18.43496 8.13456 4.94102
N2 - P2 1.18692 0.37095 11.78286 7.75491 1.04918 1.58881 8.83166 16.32343 10.71744 5.52795 4.94267
Mean Amplitude N1 - P1 8.49535 4.74358 12.52645 10.48872 4.915615 3.47683 2.473005 9.918495 13.21219 5.21106 3.64335
P1 - N2 8.22748 2.07886 17.14561 10.24227 6.76789 6.55707 3.460565 20.36588 20.95931 7.611165 4.71405
N2 - P2 1.773105 0.871805 12.86769 7.337305 0.732485 3.777085 8.73534 15.89986 11.67126 5.599685 4.416045
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Chapter 5: PR-VEP Graphs (Check size = 10')
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Chapter 5: PR-VEP Graphs (Check size = 15')
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Chapter 5: PR-VEP Graphs (Check size = 20')
-10
-8
-6
-4
-2
0
2
4
6
8
10
0 0.2 0.4 0.6 0.8 1
A
m
pl
it
ud
e 
(m
V
)
Letency (msec)
VEP 20' Clear - ALL
-10
-8
-6
-4
-2
0
2
4
6
8
10
0 0.2 0.4 0.6 0.8 1
A
m
pl
it
ud
e 
(m
V
)
Latency (msec)
VEP 20' Pre-Adapt - ALL
Mean Mean +1 SD Mean - 1 SD
-10
-8
-6
-4
-2
0
2
4
6
8
10
0 0.2 0.4 0.6 0.8 1
A
m
pl
it
ud
e 
(m
V
)
Latency (msec)
VEP 20' Post-Adapt - ALL
Mean Mean +1 SD Mean - 1 SD
-10
-8
-6
-4
-2
0
2
4
6
8
10
0 0.2 0.4 0.6 0.8 1
A
m
pl
it
ud
e 
(m
V
)
Latency (msec)
VEP 20' Recovery - ALL
Mean Mean +1 SD Mean - 1 SD
Chapter 5: PR-VEP Graphs (Check size = 25')
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Chapter 6: PERG Amplitudes and Peak Times (Check size = 10')
Latency
BD YG AK LD CL NR MC AM AA
Clear 1st Reversal N1 0.0625 0.37137 0.04688 -0.21781 0.04688 -0.61869 0.05469 0.69683 0.04297 0.34403 0.05859 0.42824 0.05078 -0.71765 0.05469 0.23905 0.03906 1.06813
P1 0.08203 0.80518 0.07813 1.0436 0.08203 1.10677 0.07031 1.36806 0.07813 1.17245 0.07031 0.86813 0.07031 -0.2177 0.07031 0.85394 0.07031 2.43671
N2 0.11328 -0.80929 0.10938 -0.77125 0.10547 -0.15364 0.09375 -0.28986 0.10938 -0.61222 0.09766 -0.17176 0.11328 -1.58489 0.11328 -1.14402 0.11328 1.09228
Amplitude N1 - P1 0.43381 1.26141 1.72546 0.67123 0.82842 0.43989 0.49995 0.61489 1.36858
P1 - N2 1.61447 1.81485 1.26041 1.65792 1.78467 1.03989 1.36719 1.99796 1.34443
2nd Reversal N1 0.57813 0.30659 0.49609 0.01015 0.51953 0.6517 0.50391 0.94693 0.50781 0.52695 0.50781 0.10763 0.51953 1.093 0.50781 -0.42685 0.48828 -0.15965
P1 0.59766 0.67175 0.51953 0.88224 0.53906 1.40184 0.51953 1.48969 0.52734 1.08156 0.53125 1.24884 0.53516 1.29077 0.53516 0.70042 0.52734 1.58897
N2 0.62109 -0.23624 0.55859 -0.68057 0.57422 -0.89348 0.53516 0.7346 0.5625 -1.21653 0.5625 -0.10833 0.5625 -0.47455 0.56641 -0.50291 0.5625 0.08045
Amplitude N1 - P1 0.36516 0.87209 0.75014 0.54276 0.55461 1.14121 0.19777 1.12727 1.74862
P1 - N2 0.90799 1.56281 2.29532 0.75509 2.29809 1.35717 1.76532 1.20333 1.50852
Mean Amplitude N1 - P1 0.399485 1.06675 1.2378 0.606995 0.691515 0.79055 0.34886 0.87108 1.5586
P1 - N2 1.26123 1.68883 1.777865 1.206505 2.04138 1.19853 1.566255 1.600645 1.426475
Recovery 1st Reversal N1 0.04688 -0.04561 0.03906 0.59048 0.05078 0.15232 0.04297 0.38223 0.04688 0.46678 0.04688 -0.47002 0.0625 0.31779 0.05078 0.39163 0.04688 -0.22037
P1 0.08594 1.65184 0.0625 1.09366 0.06641 0.56946 0.07031 1.34107 0.07813 1.55655 0.07031 0.12861 0.07422 0.54557 0.07813 1.04905 0.08594 1.22186
N2 0.11328 -0.18324 0.11328 -1.44703 0.08203 0.38357 0.10547 -0.02587 0.10938 -0.58587 0.08984 -0.37217 0.10156 -0.3938 0.10547 -0.6901 0.11328 -0.0685
Amplitude N1 - P1 1.69745 0.50318 0.41714 0.95884 1.08977 0.59863 0.22778 0.65742 1.44223
P1 - N2 1.83508 2.54069 0.18589 1.36694 2.14242 0.50078 0.93937 1.73915 1.29036
2nd Reversal N1 0.50781 -1.33785 0.51563 -0.21896 0.50781 -0.28924 0.50781 0.27442 0.50391 -0.64178 0.50391 0.15898 0.51172 0.76884 0.50391 0.2561 0.50391 0.02358
P1 0.55078 0.35128 0.53516 0.50541 0.52734 0.30287 0.52734 0.97158 0.53125 0.89161 0.53125 1.42191 0.52734 0.97245 0.53125 1.03522 0.52734 1.97972
N2 0.57422 -1.26774 0.56641 -2.02354 0.53906 -0.46766 0.55859 -1.16065 0.55859 -1.24401 0.55469 0.5621 0.57031 -0.69511 0.55078 0.13071 0.50731 -0.15469
Amplitude N1 - P1 1.68913 0.72437 0.59211 0.69716 1.53339 1.26293 0.20361 0.77912 1.95614
P1 - N2 1.61902 2.52895 0.77053 2.13223 2.13562 0.85981 1.66756 0.90451 2.13441
Mean Amplitude N1 - P1 1.69329 0.613775 0.504625 0.828 1.31158 0.93078 0.215695 0.71827 1.699185
P1 - N2 1.72705 2.53482 0.47821 1.749585 2.13902 0.680295 1.303465 1.32183 1.712385
Pre-Adapt 1st Reversal N1 0.03906 0.77483 0.07031 0.70841 0.07031 1.0147 0.07031 0.31409 0.07031 1.31949 0.07813 0.48334 0.08203 0.10833 0.05078 0.08516 0.10156 -0.03805
P1 0.05859 1.23924 0.10156 1.90339 0.08594 1.36269 0.08203 0.95831 0.08203 1.55836 0.08984 0.69029 0.11328 0.73755 0.0625 0.29728 0.12109 0.20231
N2 0.07813 0.7666 0.12891 1.65353 0.09766 0.76206 0.08984 0.40065 0.08984 1.37833 0.09766 0.61198 0.125 0.59854 0.07813 -0.22232 0.12891 0.07667
Amplitude N1 - P1 0.46441 1.19498 0.34799 0.64422 0.23887 0.20695 0.62922 0.21212 0.24036
P1 - N2 0.47264 0.24986 0.60063 0.55766 0.18003 0.07831 0.13901 0.5196 0.12564
2nd Reversal N1 0.53125 -1.15596 0.51172 0.73624 0.55078 0.71177 0.54297 1.44898 0.51563 -0.09886 0.53516 0.3043 0.54688 0.46429 0.51563 1.33875 0.55469 0.67617
P1 0.54688 -0.36196 0.52344 1.49599 0.55859 1.00426 0.55078 1.76644 0.52734 0.18771 0.55469 0.5594 0.5625 0.69286 0.53906 1.64172 0.55859 0.82701
N2 0.5625 -0.5948 0.55469 0.59568 0.57031 0.64764 0.55859 1.29362 0.5625 -0.34887 0.58203 0.33454 0.57813 0.58758 0.54722 1.27649 0.57422 0.76947
Amplitude N1 - P1 0.794 0.75975 0.29249 0.31746 0.28657 0.2551 0.22857 0.30297 0.15084
P1 - N2 0.23284 0.90031 0.35662 0.47282 0.53658 0.22486 0.10528 0.36523 0.05754
Mean Amplitude N1 - P1 0.629205 0.977365 0.32024 0.48084 0.26272 0.231025 0.428895 0.257545 0.1956
P1 - N2 0.35274 0.575085 0.478625 0.51524 0.358305 0.151585 0.122145 0.442415 0.09159
Post-Adapt 1st Reversal N1 0.06641 1.15336 0.03516 -1.2011 0.05469 -1.16828 0.07031 -0.47508 0.05469 1.26637 0.05859 1.24665 0.05469 0.26111 0.08594 0.48515 0.05859 1.29193
P1 0.07813 1.214 0.07031 -0.50852 0.06641 -1.03925 0.08203 -0.19962 0.06441 1.57595 0.06641 1.54402 0.06641 0.59273 0.09766 0.74012 0.07422 1.53232
N2 0.09766 0.73743 0.09375 -1.26713 0.07422 -1.2196 0.08984 -0.52398 0.07031 1.51609 0.09766 1.0376 0.08984 0.37341 0.11328 0.38298 0.09766 1.16381
Amplitude N1 - P1 0.06064 0.69258 0.12903 0.27546 0.30958 0.29737 0.33162 0.25497 0.24039
P1 - N2 0.47657 0.75861 0.18035 0.32436 0.05986 0.50642 0.21932 0.35714 0.36851
2nd Reversal N1 0.48828 0.82096 0.5 -0.61927 0.50391 2.29763 0.55469 0.47946 0.52734 0.69456 0.52344 -0.04809 0.51563 0.64543 0.51563 0.74606 0.50781 0.55778
P1 0.50781 1.19557 0.51172 -0.27464 0.52344 2.96114 0.56641 0.8415 0.53906 0.91435 0.53125 0.24681 0.54688 1.62333 0.51953 0.82606 0.51563 0.83685
N2 0.53125 0.44759 0.53125 -0.99376 0.53516 2.11068 0.58594 0.51714 0.55078 0.50288 0.54688 0.01701 0.57813 1.19364 0.53906 0.24854 0.53906 -0.06741
Amplitude N1 - P1 0.37461 0.34463 0.66351 0.36204 0.21979 0.2949 0.9779 0.08 0.27907
P1 - N2 0.74798 0.71912 0.85046 0.32436 0.41147 0.2298 0.42969 0.57752 0.90426
Mean Amplitude N1 - P1 0.217625 0.518605 0.39627 0.31875 0.264685 0.296135 0.65476 0.167485 0.25973
P1 - N2 0.612275 0.738865 0.515405 0.32436 0.235665 0.36811 0.324505 0.46733 0.636385
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Chapter 6: PERG Amplitudes and Peak Times (Check size = 15')
Latency
BD YG AK AtM LD CL NR MC DM AM AA
Clear 1st Reversal N1 0.05859 0.26701 0.05469 0.59647 0.04297 0.63715 0.05078 -1.68524 0.05078 0.1412 0.05078 0.74947 0.04688 -0.14771 0.04688 0.20781 0.04688 -0.28516 0.04297 -0.22256 0.04297 0.20604
P1 0.08594 2.04061 0.08203 1.62928 0.07422 1.96265 0.07422 -1.00578 0.06641 1.16136 0.06641 1.35323 0.06641 0.82569 0.07031 1.41021 0.07422 0.70546 0.06641 0.4059 0.07422 2.37594
N2 0.11719 0.43416 0.10938 -0.56398 0.12891 0.46016 0.11328 -2.01556 0.10938 -1.4513 0.10547 -0.83513 0.11328 -0.54299 0.10547 -0.20086 0.12109 -0.35514 0.10156 -0.93262 0.10547 0.19142
Amplitude N1 - P1 1.7736 1.03281 1.3255 0.67946 1.02016 0.60376 0.9734 1.2024 0.99062 0.62846 2.1699
P1 - N2 1.60645 2.19326 1.50249 1.00978 2.61266 2.18836 1.36868 1.61107 1.0606 1.33852 2.18452
2nd Reversal N1 0.50781 -0.39559 0.49609 0.66234 0.50781 -0.1056 0.51953 -0.15969 0.50391 -0.34227 0.50781 0.51845 0.5 0.14545 0.5 -0.33559 0.50781 0.42117 0.50781 1.36346 0.50391 0.12041
P1 0.53125 0.61466 0.52344 2.68955 0.53516 0.86223 0.53906 0.99898 0.52344 0.41771 0.52344 1.15651 0.52344 1.01318 0.53125 1.14319 0.52734 1.20573 0.53516 1.98935 0.53125 1.86382
N2 0.57422 -0.96208 0.56641 -0.4151 0.56641 -1.02658 0.5625 -0.47808 0.57422 -2.37987 0.57031 -0.20787 0.5625 -1.04044 0.55078 0.53509 0.58594 -0.66347 0.56641 0.63036 0.56641 -0.62331
Amplitude N1 - P1 1.01025 2.02721 0.96783 1.15867 0.75998 0.63806 0.86773 1.47878 0.78456 0.62589 1.74341
P1 - N2 1.57674 3.10465 1.88881 1.47706 2.79758 1.36438 2.05362 0.6081 1.8692 1.35899 2.48713
Mean Amplitude N1 - P1 1.391925 1.53001 1.146665 0.919065 0.89007 0.62091 0.920565 1.34059 0.88759 0.627175 1.956655
P1 - N2 1.591595 2.648955 1.69565 1.24342 2.70512 1.77637 1.71115 1.109585 1.4649 1.348755 2.335825
Recovery 1st Reversal N1 0.05078 -0.79257 0.03906 0.45761 0.05078 0.70707 0.04297 0.1705 0.03125 -0.02321 0.04688 0.87931 0.04297 -0.54019 0.05469 0.21322 0.02344 -0.32593 0.05469 -0.57828 0.04688 -0.35448
P1 0.08203 0.7242 0.07031 1.76398 0.07422 1.42449 0.07031 0.65885 0.0625 0.91902 0.07031 1.81164 0.06641 0.20037 0.07813 0.88167 0.07422 0.98982 0.07813 0.11393 0.07813 1.79484
N2 0.12109 -1.22539 0.10547 -0.79162 0.125 0.65898 0.11328 -0.7968 0.07813 0.30777 0.10938 -0.18998 0.10547 -0.84287 0.11719 -0.80904 0.11328 -0.08946 0.11719 -1.34917 0.11328 -0.19003
Amplitude N1 - P1 1.51677 1.30637 0.71742 0.48835 0.94223 0.93233 0.74056 0.66845 1.31575 0.69221 2.14932
P1 - N2 1.94959 2.5556 0.76551 1.45565 0.61125 2.00162 1.04324 1.69071 1.07928 1.4631 1.98487
2nd Reversal N1 0.50781 -0.28527 0.5 1.33177 0.49609 -0.01769 0.51563 0.51539 0.5 0.03402 0.50391 -0.44819 0.5 0.12727 0.49609 -0.13184 0.50391 -0.25489 0.50391 -0.23051 0.5 -0.41761
P1 0.53906 0.93685 0.52344 2.35931 0.54297 1.0344 0.54688 1.06503 0.53125 0.52866 0.52734 0.41377 0.52344 0.93191 0.53125 0.83488 0.52344 0.09219 0.52734 0.96182 0.53516 1.85202
N2 0.57031 -1.34437 0.57422 -1.05848 0.56641 -0.09611 0.57031 0.27728 0.54688 0.00026 0.56641 -1.69444 0.5625 -0.85306 0.5625 -0.88196 0.56641 -1.45769 0.57422 -1.72161 0.57813 -0.28696
Amplitude N1 - P1 1.22212 1.02754 1.05209 0.54964 0.49464 0.86196 0.80464 0.96672 0.34708 1.19233 2.26963
P1 - N2 2.28122 3.41779 1.13051 0.78775 0.5284 2.10821 1.78497 1.71684 1.54988 2.68343 2.13898
Mean Amplitude N1 - P1 1.369445 1.166955 0.884755 0.518995 0.718435 0.897145 0.7726 0.817585 0.831415 0.94227 2.209475
P1 - N2 2.115405 2.986695 0.94801 1.1217 0.569825 2.054915 1.414105 1.703775 1.31458 2.073265 2.061925
BD YG AK AtM LD CL NR MC DM AM AA
Pre-Adapt 1st Reversal N1 0.09766 -0.029 0.05078 0.95088 0.08203 -1.07311 0.07031 0.20729 0.11328 -0.10039 0.10547 -0.05486 0.16797 0.10859 0.07031 -0.328 0.05469 -0.39056 0.07813 0.43719
P1 0.10547 0.1599 0.07031 1.42215 0.10938 -0.3004 0.10938 1.05179 0.125 0.80825 0.16016 0.96436 0.19141 0.51992 0.09375 0.06367 0.07422 0.01059 0.14063 1.32986
N2 0.12891 -0.29089 0.08203 1.29807 0.12109 -0.8138 0.13672 0.10434 0.14453 0.02472 0.19141 0.56953 0.21484 0.37344 0.10547 -0.17447 0.08594 -0.3292 0.16797 0.86896
Amplitude N1 - P1 0.1889 0.47127 0.8445 0.90864 1.01922 0.41133 0.39167 0.89267
P1 - N2 0.45079 0.12408 0.94745 0.78353 0.39483 0.14648 0.23814 0.33979 0.4609
2nd Reversal N1 0.51563 0.53252 0.51563 1.68182 0.55469 1.37281 0.5625 0.42582 0.55078 -0.42493 0.50391 0.66962 0.55859 -0.3486 0.51563 0.23868 0.54688 -0.21367 0.51563 0.234 0.58203 0.16257
P1 0.54297 1.1504 0.52344 1.78043 0.58984 2.98806 0.57813 0.858 0.57031 0.29358 0.53516 1.55613 0.58984 0.1579 0.53516 0.81251 0.5625 0.01255 0.52344 0.38791 0.60156 0.4919
N2 0.56641 0.56533 0.53906 1.29363 0.60547 2.40976 0.59766 0.4509 0.59375 -0.66123 0.57813 1.17323 0.60156 -0.05593 0.55469 0.51365 0.57031 -0.07136 0.53125 0.10928 0.67969 -1.1804
Amplitude N1 - P1 0.61788 0.09861 1.61525 0.43218 0.71851 0.88651 0.5065 0.57383 0.22622 0.32933
P1 - N2 0.58507 0.4868 0.5783 0.4071 0.95481 0.3829 0.21383 0.29886 0.08391 0.27863 1.6723
Mean Amplitude N1 - P1 0.40339 0.28494 1.61525 0.63834 0.813575 0.952865 0.458915 0.57383 0.308945 0.611
P1 - N2 0.51793 0.30544 0.5783 0.677275 0.86917 0.388865 0.180155 0.29886 0.161025 0.30921 1.0666
Post-Adapt 1st Reversal N1 0.0625 1.47531 0.05859 0.93461 0.05859 -0.90983 0.0625 1.56396 0.07813 -0.20688 0.07031 -0.04407 0.05078 0.70602 0.10156 0.07458 0.02344 -0.32593 0.07031 1.21749 0.04688 -0.10833
P1 0.06641 1.56429 0.08594 1.88514 0.0625 -0.77659 0.07813 2.14058 0.09375 -0.02527 0.08203 0.41404 0.07422 0.99318 0.10938 0.24699 0.07422 0.98982 0.09375 1.39704 0.09766 0.73018
N2 0.07813 1.34984 0.10547 1.58003 0.07813 -1.28958 0.09766 1.47479 0.11328 -0.46187 0.10547 0.07481 0.09375 0.60297 0.12109 0.09884 0.11328 -0.08946 0.10156 1.24744 0.12109 0.1703
Amplitude N1 - P1 0.08898 0.95053 0.13324 0.57662 0.18161 0.45811 0.28716 0.17241 1.31575 0.17955 0.83851
P1 - N2 0.21445 0.30511 0.51299 0.66579 0.4366 0.33923 0.39021 0.14815 1.07928 0.1496 0.55988
2nd Reversal N1 0.51172 0.88856 0.53125 0.59593 0.5 1.5301 0.53906 -0.14697 0.49609 -0.10165 0.50391 1.2408 0.54688 0.01375 0.50391 1.25928 0.50391 -0.25489 0.52344 0.72028 0.55859 0.53689
P1 0.52734 1.25853 0.55078 1.50102 0.51172 1.90962 0.5625 0.54817 0.51563 0.01892 0.51172 1.32888 0.5625 0.41217 0.51953 1.77474 0.51953 0.07313 0.53125 0.81008 0.57422 0.68135
N2 0.55859 0.92917 0.57031 1.17106 0.51953 1.70654 0.57031 0.35223 0.53906 -0.50798 0.52734 1.07084 0.57813 0.01108 0.53516 1.44405 0.56641 -1.45769 0.54688 0.45503 0.58594 0.45633
Amplitude N1 - P1 0.36997 0.90509 0.37952 0.69514 0.12057 0.08808 0.39842 0.51546 0.32802 0.0898 0.14446
P1 - N2 0.32936 0.32996 0.20308 0.19594 0.5269 0.25804 0.40109 0.33069 1.53082 0.35505 0.22502
Mean Amplitude N1 - P1 0.229475 0.92781 0.25638 0.63588 0.15109 0.273095 0.34279 0.343935 0.821885 0.134675 0.491485
P1 - N2 0.271905 0.317535 0.358035 0.430865 0.48175 0.298635 0.39565 0.23942 1.30505 0.252325 0.39245
267 
 
 
 
 
 
 
 
 
 
 
 
 
Chapter 6: PERG Amplitudes and Peak Times (Check size = 20')
Latency
BD YG AK AtM LD CL NR MC DM AM AA
Clear 1st Reversal N1 0.04297 0.22487 0.04297 -0.20234 0.04297 -0.42917 0.04297 -0.22645 0.04297 0.13688 0.04297 -0.0625 0.04297 0.38091 0.04297 -0.61228 0.04297 0.14014 0.04297 -0.31794 0.04297 1.55557
P1 0.07422 2.01243 0.07422 1.48933 0.07422 1.24909 0.07422 0.5614 0.07422 0.44799 0.07422 0.92053 0.07422 0.90824 0.07422 0.9759 0.07422 0.61008 0.07422 0.65819 0.07422 2.7959
N2 0.11328 -0.9036 0.11328 -1.33271 0.11328 0.44747 0.11328 -0.72659 0.11328 -1.22884 0.11328 -0.03324 0.11328 -0.54354 0.11328 -0.22471 0.11328 -1.104 0.11328 -0.85665 0.11328 0.59102
Amplitude N1 - P1 1.78756 1.69167 1.67826 0.78785 0.31111 0.98303 0.52733 1.58818 0.46994 0.97613 1.24033
P1 - N2 2.91603 2.82204 0.80162 1.28799 1.67683 0.95377 1.45178 1.20061 1.71408 1.51484 2.20488
2nd Reversal N1 0.5 -1.28403 0.5 0.65282 0.5 0.58686 0.5 -0.02903 0.5 1.15867 0.5 0.67471 0.5 0.70493 0.5 0.05524 0.5 0.35536 0.5 0.44802 0.5 -0.96577
P1 0.53125 0.8283 0.53125 1.25385 0.53125 0.90675 0.53125 0.73319 0.53125 1.36812 0.53125 0.84312 0.53125 0.83233 0.53125 1.24034 0.53125 1.18604 0.53125 0.96756 0.53125 0.75274
N2 0.57031 -1.6276 0.57031 -1.64447 0.57031 -0.33054 0.57031 -0.84039 0.57031 -0.39676 0.57031 -0.64508 0.57031 -1.0788 0.57031 -0.68812 0.57031 -1.04416 0.57031 -1.21694 0.57031 -1.37348
Amplitude N1 - P1 2.11233 0.60103 0.31989 0.76222 0.20945 0.16841 0.1274 1.1851 0.83068 0.51954 1.71851
P1 - N2 2.4559 2.89832 1.23729 1.57358 1.76488 1.4882 1.91113 1.92846 2.2302 2.1845 2.12622
Mean Amplitude N1 - P1 1.949945 1.14635 0.999075 0.775035 0.26028 0.57572 0.327365 1.38664 0.65031 0.747835 1.47942
P1 - N2 2.685965 2.86018 1.019455 1.430785 1.720855 1.220985 1.681455 1.564535 1.97214 1.84967 2.16555
Recovery 1st Reversal N1 0.04297 -0.35427 0.04297 -0.63184 0.04297 0.99846 0.07422 0.28506 0.04297 0.2477 0.04297 0.68139 0.04297 -0.34032 0.04297 -0.46537 0.04297 0.84001 0.04297 0.29225 0.04297 0.6509
P1 0.07422 0.55162 0.07422 0.4467 0.07422 0.67371 0.10547 -0.45498 0.07422 0.46061 0.07422 1.69604 0.07422 0.08082 0.07422 0.13932 0.07422 1.3804 0.07422 1.01942 0.07422 1.51995
N2 0.10938 -1.20292 0.10938 -1.40902 0.10938 0.1729 0.14063 0.07595 0.10938 -0.95233 0.10938 -0.47794 0.10938 -1.60073 0.10938 -1.30518 0.10938 -0.31808 0.10938 -1.22766 0.10938 0.15712
Amplitude N1 - P1 0.90589 1.07854 0.32475 0.74004 0.21291 1.01465 0.42114 0.60469 0.54039 0.72717 0.86905
P1 - N2 1.75454 1.85572 0.50081 0.53093 1.41294 2.17398 1.68155 1.4445 1.69848 2.24708 1.36283
2nd Reversal N1 0.5 0.60257 0.5 0.9139 0.5 0.69935 0.53125 1.89721 0.5 -0.30509 0.5 0.12734 0.5 0.24919 0.5 0.15393 0.5 -0.32846 0.5 0.63582 0.5 -0.11036
P1 0.52734 1.43742 0.52734 2.12834 0.52734 1.09773 0.55859 0.11258 0.52734 0.37881 0.52734 1.53108 0.52734 0.80594 0.52734 0.99308 0.52734 0.53261 0.52734 1.4863 0.52734 0.99491
N2 0.57031 0.03512 0.57031 -1.64917 0.57031 -0.00937 0.60156 0.12968 0.57031 -1.43368 0.57031 -0.88338 0.57031 -0.83618 0.57031 -0.59916 0.57031 -0.60169 0.57031 -1.09745 0.57031 -2.42377
Amplitude N1 - P1 0.83485 1.21444 0.39838 1.78463 0.6839 1.40374 0.55675 0.83915 0.86107 0.85048 1.10527
P1 - N2 1.4023 3.77751 1.1071 0.0171 1.81249 2.41446 1.64212 1.59224 1.1343 2.58375 3.41868
Mean Amplitude N1 - P1 0.87037 1.14649 0.361565 1.262335 0.448405 1.209195 0.488945 0.72192 0.70073 0.788825 0.98716
P1 - N2 1.57842 2.816615 0.803955 0.274015 1.612715 2.29422 1.661835 1.51837 1.41639 2.415415 2.390755
BD YG AK AtM LD CL NR MC DM AM AA
Pre-Adapt 1st Reversal N1 0.04688 -0.4577 0.04688 1.18892 0.04688 -0.3574 0.04688 1.04578 0.04688 0.1717 0.04688 0.06408 0.04688 0.43768 0.04688 0.32395 0.04688 0.75715 0.04688 1.7789 0.04688 0.08666
P1 0.07031 0.19013 0.07031 1.38412 0.07031 -0.94446 0.07031 1.47463 0.07031 -0.25148 0.07031 0.42969 0.07031 0.76895 0.07031 0.93744 0.07031 0.8905 0.07031 1.86773 0.07031 0.03603
N2 0.10547 0.28868 0.10547 0.79918 0.10547 -1.56049 0.10547 1.47389 0.10547 -0.87251 0.10547 0.4409 0.10547 0.49887 0.10547 0.86555 0.10547 0.26542 0.10547 1.06022 0.10547 0.34627
Amplitude N1 - P1 0.64783 0.1952 0.58706 0.42885 0.42318 0.36561 0.33127 0.61349 0.13335 0.08883 0.05063
P1 - N2 0.09855 0.58494 0.61603 0.00074 0.62103 0.01121 0.27008 0.07189 0.62508 0.80751 0.31024
2nd Reversal N1 0.53516 0.95197 0.53516 1.01461 0.53516 3.3338 0.53516 -0.02902 0.53516 0.40574 0.53516 1.47401 0.53516 0.05996 0.53516 0.06184 0.53516 0.04615 0.53516 0.85888 0.53516 -0.09946
P1 0.54297 0.93408 0.54297 1.49113 0.54297 3.57359 0.54297 -0.18043 0.54297 0.46757 0.54297 1.34543 0.54297 0.08315 0.54297 0.1177 0.54297 -0.04374 0.54297 0.78638 0.54297 -0.09548
N2 0.58984 -0.24396 0.58984 0.20994 0.58984 2.22937 0.58984 -0.93028 0.58984 0.18688 0.58984 1.05933 0.58984 0.38653 0.58984 0.16119 0.58984 -0.08488 0.58984 -0.04323 0.58984 -0.60824
Amplitude N1 - P1 0.01789 0.47652 0.23979 0.15141 0.06183 0.12858 0.02319 0.05586 0.08989 0.0725 0.00398
P1 - N2 1.17804 1.28119 1.34422 0.74985 0.28069 0.2861 0.30338 0.04349 0.04114 0.82961 0.51276
Mean Amplitude N1 - P1 0.33286 0.33586 0.413425 0.29013 0.242505 0.247095 0.17723 0.334675 0.11162 0.080665 0.027305
P1 - N2 0.638295 0.933065 0.980125 0.375295 0.45086 0.148655 0.28673 0.05769 0.33311 0.81856 0.4115
Post-Adapt 1st Reversal N1 0.05078 0.86066 0.05078 1.36362 0.05078 0.97545 0.05078 1.35046 0.05078 0.74965 0.05078 0.01255 0.05078 0.47132 0.05078 -0.59277 0.05078 -0.26494 0.05078 0.95444 0.05078 0.80056
P1 0.08984 1.51922 0.08984 2.19861 0.08984 0.45203 0.08984 2.0825 0.08984 0.48367 0.08984 -0.12676 0.08984 0.90692 0.08984 -0.40191 0.08984 -0.29851 0.08984 0.93911 0.08984 1.07659
N2 0.10938 1.28482 0.10938 2.48573 0.10938 0.18237 0.10938 1.95712 0.10938 -0.33034 0.10938 0.04538 0.10938 0.53556 0.10938 -0.12725 0.10938 -0.32934 0.10938 0.98371 0.10938 0.91264
Amplitude N1 - P1 0.65856 0.83499 0.52342 0.73204 0.26598 0.13931 0.4356 0.19086 0.03357 0.01533 0.27603
P1 - N2 0.2344 0.28712 0.26966 0.12538 0.81401 0.17214 0.37136 0.27466 0.03083 0.0446 0.16395
2nd Reversal N1 0.51563 1.8053 0.51563 3.19037 0.51563 3.01928 0.51563 1.05169 0.51563 0.49771 0.51563 0.91518 0.51563 0.2547 0.51563 1.02016 0.51563 0.06821 0.51563 0.90222 0.51563 0.65933
P1 0.53516 2.06902 0.53516 3.0642 0.53516 2.20074 0.53516 0.97295 0.53516 1.10202 0.53516 1.27401 0.53516 0.42299 0.53516 1.21053 0.53516 0.53645 0.53516 0.65657 0.53516 0.38478
N2 0.57031 1.76112 0.57031 1.85083 0.57031 3.01292 0.57031 0.53214 0.57031 0.61673 0.57031 1.29374 0.57031 -0.0369 0.57031 1.00916 0.57031 0.39612 0.57031 0.07637 0.57031 0.48695
Amplitude N1 - P1 0.26372 0.12617 0.81854 0.07874 0.60431 0.35883 0.16829 0.19037 0.46824 0.24565 0.27455
P1 - N2 0.3079 1.21337 0.81218 0.44081 0.48529 0.01973 0.45989 0.20137 0.14033 0.5802 0.10217
Mean Amplitude N1 - P1 0.46114 0.48058 0.67098 0.40539 0.435145 0.24907 0.301945 0.190615 0.250905 0.13049 0.27529
P1 - N2 0.27115 0.750245 0.54092 0.283095 0.64965 0.095935 0.415625 0.238015 0.08558 0.3124 0.13306
268 
 
 
 
 
 
 
 
 
 
 
 
 
 
Chapter 6: PERG Amplitudes and Peak Times (Check size = 25')
Latency
BD YG AK AtM LD CL NR MC DM AM AA
Clear 1st Reversal N1 0.03906 0.36847 0.03906 0.30846 0.5859 0.65301 0.05078 0.33014 0.03125 0.50554 0.04688 0.82752 0.04297 0.79163 0.04297 0.45196 0.05708 -0.2634 0.04297 -0.55883 0.04297 0.76967
P1 0.07813 2.13434 0.06641 1.37767 0.7813 1.73517 0.07422 1.51214 0.07031 1.4319 0.06441 1.59636 0.06441 1.8556 0.06641 1.41855 0.07422 1.16645 0.07031 0.52936 0.07031 3.14488
N2 0.11719 -0.66087 0.11328 -1.69302 0.11328 0.00197 0.09766 0.21681 0.10156 -0.98641 0.10938 -0.66929 0.10938 -0.59781 0.10938 -1.05918 0.125 -2.07926 0.12109 -1.95197 0.10938 0.68618
Amplitude N1 - P1 1.76587 1.06921 1.08216 1.182 0.92636 0.76884 1.06397 0.96659 1.42985 1.08819 2.37521
P1 - N2 2.79521 3.07069 1.7332 1.29533 2.41831 2.26565 2.45341 2.47773 3.24571 2.48133 2.4587
2nd Reversal N1 0.50781 0.25784 0.5 -0.11597 0.50781 0.25996 0.5 0.46271 0.49609 -0.62006 0.49609 0.72258 0.49609 0.79224 0.5 0.37941 0.49609 0.57476 0.51172 0.7256 0.50391 0.17583
P1 0.53516 2.21032 0.52734 0.98736 0.53516 1.66948 0.535156 1.31702 0.52734 0.98345 0.53125 1.66396 0.51563 1.6236 0.52734 1.54359 0.53125 1.37663 0.52734 1.49102 0.53125 2.48139
N2 0.57422 -0.96705 0.57031 -1.87026 0.56641 0.24572 0.55859 -0.04646 0.55469 -0.95825 0.5625 -1.47173 0.56641 -1.35437 0.55859 0.08565 0.57813 -1.88732 0.5625 -0.86505 0.57031 -0.56786
Amplitude N1 - P1 1.95248 1.10333 1.40952 0.85431 1.60351 0.94138 0.83136 1.16418 0.80187 0.76542 2.30556
P1 - N2 3.17737 2.85762 1.42376 1.36348 1.9417 3.13569 2.97797 1.45794 3.26395 2.35607 3.04925
Mean Amplitude N1 - P1 1.859175 1.08627 1.24584 1.018155 1.264935 0.85511 0.947665 1.065385 1.11586 0.926805 2.340385
P1 - N2 2.98629 2.964155 1.57848 1.329405 2.180005 2.70067 2.71569 1.967835 3.25483 2.4187 2.753975
Recovery 1st Reversal N1 0.04688 0.35101 0.03906 1.02765 0.05469 0.35645 0.03906 -0.94631 0.05078 0.5984 0.03906 0.6034 0.03906 0.42745 0.04297 1.15865 0.05469 -0.81411 0.05469 0.43429 0.04297 1.18185
P1 0.07813 2.98495 0.07031 2.04393 0.07813 0.72702 0.07813 0.1718 0.07031 1.20795 0.07031 1.75424 0.05859 1.58325 0.07031 1.84106 0.07813 -0.17359 0.07422 1.05681 0.07422 3.10696
N2 0.10156 0.7047 0.11328 0.06011 0.10938 -0.11908 0.11328 -1.13904 0.11328 -1.47356 0.11328 -0.1967 0.08594 0.30985 0.11328 -0.70589 0.11328 -1.93938 0.10938 -0.6969 0.10938 -0.24018
Amplitude N1 - P1 2.63394 1.01628 0.37057 1.11811 0.60955 1.15084 1.1558 0.68241 0.64052 0.62252 1.92511
P1 - N2 2.28025 1.98382 0.8461 1.31084 2.68151 1.95094 1.2734 2.54695 1.76579 1.75371 3.34714
2nd Reversal N1 0.50781 0.584211 0.5 0.79978 0.5 -0.01302 0.51172 0.56278 0.50391 0.2786 0.5 0.25301 0.50391 -0.2965 0.50781 -0.63298 0.50781 0.41581 0.51172 0.34156 0.50391 -0.49532
P1 0.53906 1.30718 0.51953 1.50271 0.52734 1.34375 0.53125 1.4348 0.52344 1.18094 0.52344 0.64112 0.52344 0.73509 0.53125 0.54862 0.53125 1.29164 0.52734 0.58665 0.53125 0.68059
N2 0.57422 -1.64773 0.56641 -1.35768 0.57422 0.21862 0.56641 -0.27203 0.56641 -0.85126 0.56641 -1.59393 0.55469 -1.80631 0.56641 -1.30693 0.57031 -0.55661 0.5625 -0.41088 0.57422 -2.16655
Amplitude N1 - P1 0.722969 0.70293 1.35677 0.87202 0.90234 0.38811 1.03159 1.1816 0.87583 0.24509 1.17591
P1 - N2 2.95491 2.86039 1.12513 1.70683 2.0322 2.23505 2.5414 1.85555 1.84825 0.99753 2.84714
Mean Amplitude N1 - P1 1.678455 0.859605 0.86367 0.995065 0.755945 0.769475 1.093695 0.932005 0.758175 0.433805 1.55051
P1 - N2 2.61758 2.422105 0.985615 1.508835 2.356855 2.092995 1.9074 2.20125 1.80702 1.37562 3.09714
Pre-Adapt 1st Reversal N1 0.04688 1.13864 0.05469 0.33384 0.0625 -0.62138 0.05078 0.69283 0.05078 0.46134 0.05078 1.37009 0.07031 0.13501 0.04297 0.60395 0.05859 0.09025 0.0625 1.22448 0.05859 2.47198
P1 0.05859 1.47418 0.07031 0.46396 0.07813 -0.20771 0.06641 1.23131 0.08594 1.33927 0.07422 1.87616 0.10547 0.41737 0.07813 1.35566 0.07813 0.41269 0.07031 1.23918 0.07031 2.67668
N2 0.09766 0.71392 0.10938 -0.48331 0.10547 -0.53445 0.11719 -0.48499 0.10547 0.12312 0.11719 0.93537 0.11328 0.10032 0.10156 1.18994 0.11719 0.02285 0.09375 0.7813 0.10547 1.78017
Amplitude N1 - P1 0.33554 0.13012 0.41367 0.53848 0.87793 0.50607 0.28236 0.75171 0.32244 0.0147 0.2047
P1 - N2 0.76026 0.94727 0.32674 1.7163 1.21615 0.94079 0.31705 0.16572 0.38984 0.45788 0.89651
2nd Reversal N1 0.50391 0.40682 0.51953 -0.0623 0.51953 1.26862 0.51172 -0.3428 0.5 1.10951 0.51563 0.95436 0.53125 -0.06297 0.50781 1.25918 0.51172 0.14242 0.44922 0.78771 0.52344 0.5822
P1 0.51563 0.60316 0.53516 0.43086 0.54688 2.35485 0.53906 -0.00539 0.52344 1.75592 0.53125 1.36719 0.54688 0.27889 0.54297 1.68918 0.55078 0.3695 0.47266 0.96207 0.53906 1.002
N2 0.54688 -0.08635 0.55078 0.22208 0.58203 1.36133 0.57422 -1.01424 0.54297 0.5839 0.57813 0.21367 0.56641 -0.03702 0.58594 0.90092 0.59375 -0.16879 0.52734 0.52314 0.5625 -0.32449
Amplitude N1 - P1 0.19634 0.49316 1.08623 0.33741 0.64641 0.41283 0.34186 0.43 0.22708 0.17436 0.4198
P1 - N2 0.68951 0.20878 0.99352 1.00885 1.17202 1.15352 0.31591 0.78826 0.53829 0.43893 1.32649
Mean Amplitude N1 - P1 0.26594 0.31164 0.74995 0.437945 0.76217 0.45945 0.31211 0.590855 0.27476 0.09453 0.31225
P1 - N2 0.724885 0.578025 0.66013 1.362575 1.194085 1.047155 0.31648 0.47699 0.464065 0.448405 1.1115
Post-Adapt 1st Reversal N1 0.0625 1.33207 0.05078 0.3799 0.05469 0.35645 0.05078 0.17508 0.07813 0.17544 0.05469 -0.51562 0.06441 0.0961 0.05859 0.48765 0.05859 -0.02341 0.03906 1.28652 0.050708 0.83761
P1 0.07422 2.0223 0.07422 0.90455 0.07813 0.72702 0.07031 0.97058 0.08984 0.68888 0.07422 -0.14656 0.08203 0.22805 0.06641 0.57053 0.07813 0.24361 0.05859 1.7287 0.07422 1.18785
N2 0.08984 1.92562 0.09766 0.25292 0.10938 -0.11908 0.11719 -0.07663 0.10938 0.00305 0.08984 -0.60992 0.09375 -0.01392 0.08203 0.21459 0.13281 -1.22018 0.10156 1.20134 0.11328 0.65858
Amplitude N1 - P1 0.69023 0.52465 0.37057 0.7955 0.51344 0.36906 0.13195 0.08288 0.26702 0.44218 0.35024
P1 - N2 0.09668 0.65163 0.8461 1.04721 0.68583 0.46336 0.24197 0.35594 1.46379 0.52736 0.52927
2nd Reversal N1 0.51953 -0.50871 0.52344 0.33844 0.5 -0.01302 0.49609 0.1961 0.51172 -0.6248 0.50391 1.07101 0.53125 -0.08126 0.50391 1.78736 0.52344 0.35386 0.46094 1.74073 0.50781 1.07738
P1 0.55078 -0.04688 0.53906 1.15696 0.52734 1.34375 0.51172 0.54337 0.52344 -0.15686 0.54688 1.78415 0.54688 0.16972 0.51953 1.99152 0.54297 0.55444 0.48047 2.16805 0.53906 1.56393
N2 0.55859 -0.21725 0.57813 0.26914 0.57422 0.21862 0.55469 -0.23571 0.56641 -1.22952 0.56641 1.3547 0.55859 -0.23196 0.55078 1.62958 0.57813 -0.27636 0.50781 1.25624 0.57031 0.4387
Amplitude N1 - P1 0.46183 0.81852 1.35677 0.34727 0.46794 0.71314 0.25098 0.20416 0.20058 0.42732 0.48655
P1 - N2 0.17037 0.88782 1.12513 0.77908 1.07266 0.42945 0.40168 0.36194 0.8308 0.91181 1.12523
Mean Amplitude N1 - P1 0.57603 0.671585 0.86367 0.571385 0.49069 0.5411 0.191465 0.14352 0.2338 0.43475 0.418395
P1 - N2 0.133525 0.769725 0.985615 0.913145 0.879245 0.446405 0.321825 0.35894 1.147295 0.719585 0.82725
269 
 
 
 
Chapter 6: PERG Graphs (Check size = 10')
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Chapter 6: PERG Graphs (Check size = 15')
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Chapter 6: PERG Graphs (Check size = 20')
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Chapter 6: PERG Graphs (Check size = 25')
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Chapter 7: PR-VEP Amplitudes - Time Course
CLEAR 1min 2min 3min 4min 5min Mean SD 2SD
N1-P1 AA 23.135 17.977 20.551 18.565 20.488 20.143 2.026 3.971
AM 7.036 7.740 7.655 7.840 5.027 7.059 1.179 2.311
BN 15.508 15.508 15.310 14.550 13.246 14.824 0.967 1.895
DM 10.760 8.974 8.203 6.538 10.468 8.988 1.729 3.388
HD 20.464 18.942 20.510 22.532 20.297 20.549 1.283 2.515
JH 11.474 11.477 13.567 12.691 13.824 12.606 1.115 2.185
KA 10.477 11.586 12.637 10.607 11.227 11.307 0.871 1.706
MC 7.254 9.600 8.337 8.436 6.745 8.074 1.114 2.184
MEAN ALL 13.263 12.725 13.346 12.720 12.665 12.944 0.332 0.650
SD 5.934 4.234 5.232 5.589 5.624
CLEAR RECOVERY 1 2 3 4 5 Mean SD 2SD
N1-P1 AA 18.224 17.513 19.955 20.646 17.445 18.756 1.463 2.867
AM 6.636 3.948 5.832 3.437 0.477 4.066 2.399 4.701
BN 11.845 10.466 9.601 12.267 12.500 11.336 1.250 2.450
DM 4.430 6.871 6.204 6.262 5.624 5.878 0.922 1.807
HD 18.109 20.450 20.655 17.014 15.972 18.440 2.072 4.062
JH 12.236 10.986 12.350 10.987 11.622 11.636 0.654 1.282
KA 10.735 9.309 12.046 7.054 6.273 9.083 2.428 4.758
MC 8.306 8.656 9.023 7.564 8.309 8.372 0.540 1.058
MEAN ALL 11.315 11.025 11.958 10.654 9.778 10.946 0.809 1.585
SD 4.981 5.440 5.664 5.817 5.684
Mean Clear 12.944 12.944 12.944 12.944 12.944
P1-N2 AA 20.737 17.336 20.307 19.223 24.327 20.386 2.565 5.027
AM 6.229 8.722 7.297 9.788 5.887 7.585 1.655 3.243
BN 5.647 5.865 4.810 7.340 6.474 6.027 0.945 1.853
DM 8.976 5.278 6.113 5.127 8.466 6.792 1.809 3.546
HD 6.847 4.996 7.200 7.802 11.872 7.743 2.535 4.968
JH 22.256 21.135 26.102 25.033 26.466 24.198 2.378 4.661
KA 7.308 10.363 6.467 7.323 8.224 7.937 1.492 2.924
MC 4.084 4.414 4.279 6.385 5.733 4.979 1.019 1.998
MEAN ALL 10.260 9.764 10.321 11.003 12.181 10.706 0.935 1.833
P1-N2 AA 20.625 17.636 18.833 23.350 16.211 19.331 2.770 5.429
AM 7.191 7.059 11.610 5.047 9.154 8.012 2.481 4.863
BN 7.386 4.722 4.353 8.456 4.659 5.915 1.875 3.675
DM 2.629 4.122 4.427 4.345 5.461 4.197 1.017 1.993
HD 5.2605 9.0145 7.8815 9.3155 7.023 7.699 1.642 3.218
JH 21.998 22.393 24.600 19.810 26.435 23.047 2.545 4.987
KA 8.025 3.006 4.992 1.460 5.401 4.577 2.496 4.893
MC 4.149 5.306 5.394 3.531 7.717 5.219 1.603 3.141
MEAN ALL 9.658 9.157 10.261 9.414 10.257 9.750 0.498 0.976
CLEAR 1min 2min 3min 4min 5min Mean SD 2SD
N2-P2 AA 17.027 15.842 21.431 13.422 17.698 17.084 2.925 5.733
AM 6.575 6.394 6.207 7.570 6.916 6.732 0.536 1.051
BN 1.870 2.335 -0.773 3.076 2.563 1.814 1.510 2.959
DM 2.373 1.263 1.514 2.762 1.358 1.854 0.672 1.317
HD 5.589 4.549 6.956 9.039 9.129 7.052 2.042 4.002
JH 17.131 16.355 20.066 20.978 22.145 19.335 2.493 4.887
KA 0.136 -2.695 -0.694 -0.584 1.189 -0.530 1.424 2.792
MC 4.323 3.452 4.131 2.761 3.813 3.696 0.618 1.212
MEAN ALL 6.878 5.937 7.355 7.378 8.101 7.130 0.797 1.563
SD 6.625 6.806 8.755 7.059 7.875
CLEAR RECOVERY 1 min 2 min 3 min 4 min 5 min Mean SD 2SD
N2-P2 AA 20.684 18.932 19.912 22.693 19.307 20.306 1.490 2.921
AM 6.576 4.466 9.086 3.739 13.395 7.452 3.920 7.683
BN 4.629 2.777 1.729 6.688 -1.358 2.893 3.035 5.949
DM 3.045 -0.432 1.293 2.122 4.869 2.179 1.974 3.869
HD 5.616 9.383 7.717 8.913 8.961 8.118 1.530 2.999
JH 18.021 16.330 19.558 16.019 20.002 17.986 1.813 3.553
KA 0.321 -1.897 -0.427 -2.140 0.665 -0.695 1.273 2.496
MC 5.044 4.054 4.604 7.025 6.782 5.502 1.329 2.605
MEAN ALL 7.992 6.702 7.934 8.132 9.078 7.967 0.846 1.659
SD 7.296 7.575 7.960 7.920 7.976
Mean Clear 7.130 7.130 7.130 7.130 7.130
BLUR PRE-ADAPT 1 2 3 4 5 Mean SD 2SD
N1-P1 AA 12.791 11.979 17.092 13.713 11.620 13.439 2.195 4.303
AM 6.711 7.773 7.142 7.928 4.371 6.785 1.436 2.814
BN 9.239 7.766 6.656 9.722 9.097 8.496 1.258 2.467
DM 4.943 5.259 5.001 7.007 7.916 6.025 1.355 2.656
HD 6.326 7.535 8.275 8.846 7.910 7.778 0.945 1.852
JH 8.855 1.332 -5.544 10.527 10.617 5.157 7.097 13.910
KA 11.163 10.166 6.437 9.637 6.432 8.767 2.199 4.309
MC 5.023 5.547 6.533 7.364 6.242 6.142 0.903 1.770
MEAN ALL 8.131 7.169 6.449 9.343 8.025 7.823 1.091 2.139
SD 2.873 3.236 6.130 2.150 2.387
Mean 7.823 7.823 7.823 7.823 7.823
BLUR POST-ADAPT 26 27 28 29 30 Mean SD 2SD
N1-P1 AA 15.774 16.414 16.867 13.788 13.200 15.208 1.626 3.187
AM 6.621 7.601 7.515 5.103 6.018 6.572 1.051 2.059
BN 10.920 10.817 12.063 11.971 11.007 11.355 0.608 1.192
DM 9.062 7.525 7.761 7.847 7.767 7.992 0.610 1.196
HD 10.448 11.240 8.627 7.451 7.544 9.062 1.714 3.360
JH 7.722 8.770 7.083 6.541 10.836 8.190 1.696 3.323
KA 8.364 6.987 7.032 11.146 9.946 8.695 1.828 3.583
MC 9.268 8.367 8.104 5.995 8.674 8.081 1.244 2.439
MEAN ALL 9.772 9.715 9.381 8.730 9.374 9.394 0.414 0.812
SD 2.795 3.113 3.430 3.157 2.313
Mean 9.394 9.394 9.394 9.394 9.394
BLUR PRE-ADAPT 1 2 3 4 5 Mean SD 2SD
N2-P2 AA 6.172 8.015 7.522 4.025 6.363 6.419 1.546 3.030
AM 3.812 5.659 2.778 2.485 3.183 3.583 1.263 2.475
BN 2.989 2.915 2.574 2.082 2.270 2.566 0.395 0.773
DM 3.289 2.665 0.614 2.615 0.421 1.921 1.310 2.567
HD 0.896 0.114 -0.681 -0.632 1.132 0.166 0.840 1.646
JH 3.829 3.552 0.891 2.064 3.999 2.867 1.344 2.634
KA 0.432 -0.572 -2.497 -1.864 -3.331 -1.566 1.504 2.948
MC 0.811 0.595 0.450 1.423 1.543 0.964 0.493 0.965
MEAN ALL 2.779 2.868 1.456 1.524 1.948 2.115 0.674 1.321
SD 1.961 2.913 2.977 1.894 2.837
Mean 2.115 2.115 2.115 2.115 2.115
BLUR POST-ADAPT 26 27 28 29 30 Mean SD 2SD
N2-P2 AA 3.811 6.057 6.870 4.131 5.127 5.199 1.285 2.518
AM 2.543 3.862 2.970 3.707 3.022 3.221 0.550 1.078
BN 3.170 1.435 0.498 1.580 1.651 1.667 0.960 1.882
DM 2.065 1.804 0.566 12.792 1.049 3.655 5.142 10.079
HD -0.357 -1.199 -1.190 -0.007 2.814 0.012 1.650 3.235
JH -1.752 -0.542 -0.208 1.205 0.000 -0.259 1.063 2.084
KA 2.044 -2.896 -3.388 -2.404 -6.572 -2.643 3.085 6.047
MC -0.404 1.004 0.935 0.672 1.445 0.730 0.692 1.357
MEAN ALL 1.390 1.191 0.882 2.709 1.067 1.448 0.729 1.429
SD 1.978 2.846 3.028 4.565 3.450
Mean 1.448 1.448 1.448 1.448 1.448
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Chapter 7: Adaptation to +1 DS Defocus Over Time (log MAR VA)
BN JH DMcK HD AM MC AA KA Mean SD +1SD -1SD
Clear -0.20 -0.06 -0.12 -0.10 -0.20 -0.12 -0.14 -0.12 -0.13 0.05 -0.08 -0.18
Blur 0 0.22 0.20 0.22 0.22 0.00 0.34 0.20 0.42 0.23 0.12 0.35 0.11
Blur 2 0.24 0.18 0.16 0.26 0.18 0.10 0.22 0.40 0.22 0.09 0.31 0.13
Blur 4 0.22 0.12 0.10 0.24 0.14 0.14 0.10 0.34 0.18 0.08 0.26 0.09
Blur 6 0.24 0.12 0.12 0.12 0.14 0.30 0.14 0.36 0.19 0.09 0.29 0.10
Blur 8 0.26 0.10 0.04 0.20 0.10 0.08 0.14 0.20 0.14 0.07 0.21 0.07
Blur 10 0.14 0.08 0.06 0.22 0.12 0.22 0.08 0.30 0.15 0.09 0.24 0.07
Blur 12 0.28 0.02 0.08 0.20 0.04 -0.10 0.10 0.14 0.10 0.12 0.21 -0.02
Blur 14 0.12 0.12 0.04 0.10 0.18 0.20 0.20 0.16 0.14 0.06 0.20 0.08
Blur 16 0.20 0.08 -0.02 0.12 0.10 0.14 0.10 0.18 0.11 0.07 0.18 0.04
Blur 18 0.30 0.08 0.04 0.16 0.10 0.16 0.20 0.16 0.15 0.08 0.23 0.07
Blur 20 0.20 0.04 0.02 0.10 0.12 0.12 0.14 0.12 0.11 0.06 0.16 0.05
Rec -0.20 -0.14 -0.18 -0.10 -0.20 -0.04 -0.22 -0.14 -0.15 0.06 -0.09 -0.21
Chapter 7: Adaptation to +3 DS Defocus Over Time (log MAR VA)
BN JH DMcK HD AM MC AA KA Mean SD +1SD -1SD
Clear -0.20 -0.18 -0.12 -0.18 -0.20 0.06 -0.18 -0.18 -0.15 0.09 -0.06 -0.23
Blur 0 0.84 0.60 0.80 0.98 0.96 0.90 1.08 0.84 0.88 0.14 1.02 0.73
Blur 2 0.74 0.44 0.62 0.96 0.76 0.98 1.06 0.50 0.76 0.23 0.99 0.53
Blur 4 0.74 0.36 0.58 0.98 0.86 0.88 1.04 0.56 0.75 0.23 0.98 0.52
Blur 6 0.80 0.44 0.60 0.88 0.78 0.78 0.98 0.58 0.73 0.18 0.91 0.55
Blur 8 0.70 0.36 0.54 0.94 0.76 0.92 1.00 0.58 0.73 0.22 0.95 0.50
Blur 10 0.64 0.40 0.54 0.90 0.76 0.82 0.92 0.58 0.70 0.19 0.88 0.51
Blur 12 0.64 0.42 0.60 0.94 0.80 0.86 0.88 0.72 0.73 0.17 0.91 0.56
Blur 14 0.66 0.42 0.52 0.84 0.76 0.78 0.84 0.72 0.69 0.15 0.84 0.54
Blur 16 0.70 0.44 0.54 0.96 0.80 0.72 0.90 0.60 0.71 0.18 0.89 0.53
Blur 18 0.62 0.50 0.50 0.98 0.70 0.82 0.86 0.70 0.71 0.17 0.88 0.54
Blur 20 0.66 0.40 0.62 0.88 0.84 0.86 0.88 0.54 0.71 0.18 0.89 0.53
Rec -0.18 -0.14 -0.10 -0.16 -0.20 0.10 -0.30 -0.10 -0.14 0.11 -0.02 -0.25
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